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Abstract
Pythium dimorphum Hendrix & Campbell and other Pythium 
species were determined to be pathogenic fungi that cause the 
death of longleaf pine seedlings during cold storage. 
Pathogenicity of these Pythium isolates as determined by 
infecting newly-germinated slash pine seedlings in vitro was 
confirmed in field evaluations. An in vitro dual culture 
screening system was effectively used for selecting 
Trichoderma isolates capable of killing P. dimorphum. 
Selected Trichoderma isolates and Gliocladium virens produced 
volatile and/or non-volatile antibiotics on solid media and in 
liquid cultures, but antibiotic production could be affected 
by medium type, pH, and culture age, depending on species or 
isolate. Some antibiotic-lacking Trichoderma isolates were 
able to parasitize and kill hyphae of P. dimorphum, but did 
not kill whole colonies. Antibiotics produced by the 
Trichoderma spp., rather than parasitism, were responsible for 
killing and/or inhibition of Pythium in vitro. After being 
delivered to the root systems of longleaf pine seedlings, both 
Pythium and Trichoderma could develop populations rapidly 
during cold storage. Seedling mortality was only correlated 
with high Pythium populations, whereas seedling survival 
percentage was not always associated with high populations of 
Trichoderma. All cold-tolerant Trichoderma isolates were 
effective in biocontrol of Pythium in field experiments where 
Trichoderma wheat bran inoculum (400 mis) in clay slurry was
x
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
applied to roots 1 week before the Pythium, regardless of 
their ability to kill or inhibit Pythium in vitro. These 
results suggested that the mechanisms involved in killing or 
inhibition of P. dimorphum in vitro were not useful for 
predicting biocontrol efficacy in the field. Survival data 
from 3 years of field experiments provides strong evidence 
that time and method of application were critical to obtain a 
successful biological control of P. dimorphum in longleaf pine 
seedling roots during cold storage.
xi
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General Introduction
The south is rapidly becoming the major timber growing 
and processing center for the nation. Louisiana produces 
more timber than it uses although its forest acreage has been 
decreasing (Jones, et al., 1992). Slash (Pinus elliottii 
Engelm.) and loblolly (P. taeda L.) are the two most commonly 
used pine species in the Louisiana forest industry. Although 
the silvicultural properties of slash and loblolly pine have 
been improved through selection and breeding seedlings from 
genetically improved materials, there are still some problems 
associated with these two species.
Slash pine is relatively more susceptible to fusiform 
rust, caused by Cronartium quercuum (Berk.) Miyabe ex Shirai 
f. sp. fusiforme, than loblolly is, and presently only about 
5% to 10% of new plantings in Louisiana are slash, the rest 
loblolly (Jones, et al., 1992). Slash pine had generally 
been preferred because of its superior silvicultural 
properties and high oleoresin production, and because 
loblolly is more susceptible to the southern pine beetle 
(Dendroctonus terebrans Oliver).
Longleaf pine (Pinus palustris Mill.) would be a highly 
desirable species to develop for commercial use in Louisiana. 
It is relatively disease and insect resistant, cold tolerant, 
fire resistant, and is a generally superior tree. Longleaf 
pine, however, has been difficult to regenerate successfully 
(Farrar and White 1982; Barnett, et al., 1986). A period of
1
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cold storage of pine seedlings, usually 2-4 weeks at 3°C, is 
necessary for large scale outplanting, and this is possible 
with longleaf only if appropriate fungicides are applied to 
seedling roots when they are placed in cold storage. The 
effective storage time for longleaf pine seedlings has been 
extended from less than 5 days to as long as 6 weeks through 
the use of fungicides. Without fungicides, survival of 
longleaf pine seedlings falls below the acceptable level of 
85% after cold storage, even if all other factors are 
optimized (Jones, et al., 1992). Pythiaceous fungi and other 
organisms such as Fusarium, Rhizoctonia and Sclerotium 
species are commonly associated with damping-off diseases of 
many different plants, including pine species (Linde, et al., 
1994) . Recent research indicates that Pythium species are 
strongly associated with mortality of cold-stored seedlings 
and may also be the cause of poor survival of longleaf pine 
seedlings during cold storage (Jones, et al., 1992). 
Trichoderma spp. are also very commonly isolated from cold- 
stored pine seedling root systems, and correlated positively 
with survival at outplanting and negatively with Pythium 
isolation rates (Jones, et al., 1992) . Some Trichoderma spp. 
are commonly regarded as potential agents in biological 
control of soilborne plant diseases (Cook and Baker, 1983).
In the south, nursery-grown pine seedlings are stored in 
the cold in bales or kraft paper bags in bundles of 1,000 
seedlings. This represents an essentially closed ecological
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
system which may be particularly amenable to biological 
control. Incorporation of Trichoderma spp. or other bio- 
control agents during cold storage may reduce the amounts of 
fungicide needed to protect the pine roots.
The ultimate goal of this proposed research is to 
develop a feasible biocontrol system to minimize seedling 
loss caused by pythiaceous fungi through the introduction of 
effective biocontrol agents. Intermediate objectives 
include:
1. The identification of Pythium and Trichoderma 
species isolated from pine roots, the assessment of 
pathogenicity of selected Pythium isolates to longleaf pine 
seedlings during cold storage, and the development and 
evaluation of an in vitro screening system for potential 
biocontrol candidates among the Trichoderma isolates.
2. The determination of mechanisms of inhibition of 
Pythium spp. by Trichoderma and Gliocladium spp. in vitro, 
and determining if in vitro effectiveness is a useful 
predictor for effective field control.
3. The development and assessment of a feasible system 
for testing and application of Trichoderma as a biocontrol 
agent to control longleaf seedling mortality during cold 
storage.
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Review of Literature
Biological control refers to the use of living organisms 
to control or inhibit the growth, development, and 
reproduction of plant pathogens in such a way that plant 
disease is reduced and symptom expression and yield losses 
are minimized (Rush, 1994, unpublished). Biological control 
offers answers to many serious problems of modern agriculture 
(Cook and Baker, 1983), and is becoming an important 
component of plant disease management practices in resolving 
the problems of resource limitations, non sustainable 
agricultural systems, and over-reliance on pesticides (Harman 
and Taylor, 1988) . A degree of biological control of 
diseases in crop plants is being achieved by specific and 
judicious manipulation of environmental factors and 
satisfactory control of many additional diseases may be 
achieved (Cook and Baker, 1983).
Trichoderma has received much attention and has been 
studied intensively for its potential as a biocontrol agent, 
as an enzyme producer, and as a plant growth promoter. 
Weindling first discovered that some Trichoderma species 
could parasitize and inhibit a number of soilborne fungi in 
culture and suggested controlling certain pathogenic fungi by 
augmenting soil with an abundance of this mycoparasite 
(Weindling, 1932, 1934, 1936, 1937). A primary objective of 
almost 60 years' research on Trichoderma has been to 
determine if and how this fungus can be successfully applied
4
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in the field to control diseases caused by soilborne 
pathogens. Several review articles have covered Trichoderma 
biology, ecology, application, mode of action, potential for 
biocontrol, molecular and cellular biology, and production of 
antifungal antibiotics (Papavizas, 1985; Chet, 1987; 
Ghisalberti and Sivasithamparam, 1991; Goldman et al., 1994).
It seems axiomatic that to successfully and economically 
impose control on soilborne plant pathogenic fungi with 
Trichoderma, a thorough understanding of this genus is 
important. This paper reviews some of the literature about 
Trichoderma spp. and their use for biocontrol.
Taxonomy: The taxonomy of Trichoderma has been confusing 
and controversial since the erection of the genus by Persson 
(Bisby, 1939, Rifai, 1969). Rifai (1969) revised the genus 
to include nine species aggregates and emphasized that each 
species aggregate might include several species; efforts have 
been made to define species under each aggregate. The 
ability to use different carbon sources, N03-utilization, and 
temperature maxima were once proposed for separating the 
species under the aggregates (Danielson and Davey, 1973b, 
1973c, 1973d) , but have proven to be too variable to be
useful. Bissett (1984, 1991a, 1991b, 1991c, and 1992)
recently revised the genus and set up 26 species in five 
sections. The sections and the placement of Rifai's species 
aggregates are: 1) Pachybasium Bissett (T. hamatum (Bonorden) 
Bainier, T. polysporum (Link ex Persoon) Rifai, T.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
piluliferum Webster & Rifai and T. harzianum Rifai) , 2)
Trichoderma Bissett (r. koningii Oudemans, T. viride Persoon 
ex Fries and T. aureoviride Rifai) , 3) Satumispozum Bissett 
(T. saturnisporum Hammill) , 4) Longibrachiatum Bissett (T. 
longibrachiatum Rifai and T. pseudokoningii Rifai) , and 5) 
Hypocreanum Bissett (T. lac tea Bissett anam. sp. nov.). 
Bissett' s work was based mainly on morphological and cultural 
characteristics and it remains to be seen if his work will 
ultimately be accepted. Meyer used DNA fingerprinting to 
examine Rifai's aggregates and reclassified them into five 
groups: I (T. reesei Simmons, T. todica Sokoloff et Toda) , II 
(T. polysporum, T. longibrachiatum, T. koningii, T. 
pseudokoningii), III (T. virgatum Rifai), IV {T. 
saturnisporum) , and V (T. harzianum). These results 
contradict the claim that T. reesei is a subspecies of T. 
longibrachiatum (Meyer, et al., 1992). One objection to 
their work is that some important species, such as T. 
hamatum, T. viride, and T. piluliferum, were not included in 
their study. The reclassification of Trichoderma species 
based on DNA-fingerprinting evidence is not yet convincing. 
Based on morphological, cultural, and isozyme analyses, 
Samuel, et al. (1994) concluded that Trichoderma species in 
general can be narrowly defined but that morphology alone 
might not be enough to allow the identification of species. 
For example, T. reesei has been included under T. 
longibrachiatum using morphological criteria, but is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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separable using other criteria and should no longer be placed 
in synonymy.
Since most identifications of Trichoderma species as 
biocontrol candidates have been done utilizing Rifai's simple 
nine species concept and a new, reasonable, and convincing 
revision of Trichoderma has not emerged, it would be 
precipitous to risk creating further confusion by using one 
of the nascent experimental systems. In this thesis, 
therefore, Rifai's species concept will be used.
Ecology; Trichoderma species are frequently isolated 
from well-decomposed organic matter in natural soil 
(Rishbeth, 1950; Danielson and Davey, 1973a; Henis, et al., 
1978; Chet and Baker, 1980; Chet and Baker, 1981; Cook and 
Baker, 1983; Simon, 1989; Jones, et al., 1992). They have 
also been isolated from sclerotia or other propagules of 
fungi (Davet, 1986; Wells, et al., 1972), from plant foliage 
(Nelson & Powelson, 1988; Rai and Srivastava, 1983), from 
roots, wood and bark of pine trees (Jones, et al., 1992; 
Goldfarb, et al., 1989), from compost (Chung and Hoitink, 
1990), and from shiitake mushroom substrates (Badham, 1991). 
The geographic distribution and abundance of an individual 
species aggregate may be determined and influenced by 
regional climate, vegetation, soil type, and microflora and 
their interactive effects in site (Danielson and Davey, 
1973a; Widden and Jean-Jacques, 1980) . The Trichodeinna 
population is reported to be less than 3% of total fungal
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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propagules in forest soil, and its largest population is 
found in the organic horizons (Danielson and Davey, 1973a).
Conidia and chiamydospores are considered to be 
important propagules for Trichoderma to survive and develop 
in soil (Papavizas, 1985). Lewis and Papavizas (1984) 
demonstrated the potential of various Trichoderma species 
aggregates to form chlamydospores readily and in great 
numbers in natural soil or in fragments of organic matter 
after the introduction of the fungus to the soil as conidia. 
However, germination of these reproductive propagules in soil 
is strongly affected by fungistasis, a phenomenon in which 
viable, non-dormant fungal propagules do not geminate in soil 
under favorable conditions, especially in neutral or alkaline 
soils (Danielson and Davey, 1973d; Dewan and Sivasithamparam, 
1988). The basis of fungistasis is not clear, although some 
reports suggest that nutrient deficiency, ammonia, soil 
volatiles, and age of conidia may be involved in the 
inhibition of conidial germination (Danielson and Davey, 
1973d; Schippers, et al., 1982).
The establishment and development of Trichoderma at 
specific sites have been found to be determined by abiotic 
environmental factors such as temperature, moisture, and pH 
in natural soil. The pH of the soil, inoculum, and other 
substrates has a significant effect on the growth, survival 
and biocontrol efficacy of Trichoderma. The optimum pH for 
the growth of Trichoderma spp. is 3.7-4.7 except for T.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
hamatum and T. harzianum (Danielson and Davey, 1973b; Elad, 
et al., 1980) and effective control using Trichoderma has 
been achieved when Trichoderma was used at pH 3.5-3.7 
(Marshall, 1982; Harman and Taylor, 1988). However, some
researchers claimed that inhibition of some soil pathogens by 
Trichoderma species was not affected by pH (Lewis and 
Papavizas, 1987; Tronsmo and Dennis, 1978).
The optimum temperature ranges for growth of Trichoderma 
species differ. T. viride and T. polysporum grow much better 
than other species at 7°C. The optimum temperature range for 
T. hamatum, is from 30-35°C (Danielson and Davey, 1973b) , but 
it can survive at temperatures above 40°C (Chung and Hoitink, 
1990) . Dewan and Sivasithamparam (1988) found that 
temperature had no effect on the direct growth of T. 
harzianum, T. hamatum and T. koningii, but it reduced the 
population of Trichoderma, possibly through the enhanced 
growth of other fungi, such as Humicola spp., in compost at 
40-50°C (Chung and Hoitink, 1990). Low moisture content
of the substrate has a variable effect on different species, 
and species adapted to growth at high temperature seem to 
grow best on substrates with a low level of moisture 
(Danielson and Davey, 1973b). In another study, the 
population density of Trichoderma spp. increased with an 
increase in soil moisture but the effect was not 
statistically significant (Eastburn and Butler, 1988b).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Isolates of Trichoderma spp. varied in their responses 
to C02 enriched atmosphere and the response was pH dependant 
(Danielson and Davey, 1973b; Badham, 1991) . As the C02 level 
increased from 2 to 10%, growth was reduced at low pH and 
increased at high pH. However, as the COs concentration was 
increased to 10 per cent, growth was nearly as good at pH 7.5 
as at pH 4.4 (Danielson and Davey, 1973b). T. viride was 
insensitive to carbon dioxide even at concentrations as high 
as 10% of total soil atmosphere (Burges and Fenton, 1952).
The most important aspects in the nutrition of 
heterotrophic organisms are the carbon and nitrogen
I
utilization patterns. Trichoderma spp. can utilize at least 
30 kinds of carbon sources and the growth rates of species 
isolates differ with the food bases (Danielson and Davey, 
1979c). In general, complex organic materials, such as malt 
extract, yeast extract or peptone, are the best food bases 
and NH4- nitrogen was better than N03~ nitrogen for the growth 
of Trichoderma spp. (Danielson and Davey, 1979c; Litshitz, et 
al., 1986). Chitin, R. solani cell walls, and crop debris 
facilitated the parasitism of Trichoderma (Harman, et al., 
1980; Lifshitz, et al., 1986). A reduction in Phytophthora 
cinnamomi Rands chlamydospore numbers by Trichoderma was 
dependent on the availability of simple carbohydrates. T. 
polysporum and T. harzianum effectively decreased P. 
cinnamomi chlamydospore numbers only as long as the nutrients 
lasted (Kelley, 1977). Addition of excess amounts of glucose
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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and asparagine or root exudates nullified the growth and 
chlamydospore inhibition of Fusarium oxysporium f.sp 
vasinfectum (Atkinson) Snyder et Hansen and F. oxysporium 
f.sp. melonis Snyder et Hanseb by Trichoderma (Sivan and 
Chet, 1989). It is still not clear how and to what extent 
nutrition plays a role in application of Trichoderma as a 
biocontrol agent.
Trichoderma and biological control: A lot of work has 
been done on the potential of Trichoderma for biocontrol. 
Early work, prior to 1970, involved the indirect enhancement 
of indigenous Trichoderma by manipulating the environment. 
For the last 25 years there has been much interest in 
correlating in vitro properties with field effectiveness of 
Trichoderma in augmentation of soil, seed treatment, aerial 
application for protecting plant portions above the ground, 
and integrated application with fungicides (Papavizas, 1985; 
Chet, 1987).
A dual culture system described by Dennis and Webster 
(1971a) has been commonly used in testing Trichoderma species 
for their ability to inhibit target pathogens in vitro, 
because the inhibitory effect is species or even isolate 
specific (Dennis and Webster, 1971a, 1971b; Harman, et al., 
1980; Bell, et al., 1982; Dewan and Sivasithamparam, 1988). 
Inhibitory zones, coverage by Trichoderma of the target 
pathogen colony, and viability of the pathogen after 
interaction with Trichoderma in dual culture, were the
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indications of antagonism (Bell, et al., 1982; Al-Hashimi and 
Perry, 1986; Chet, 1987; Summerbell, 1987; Harrison and 
Stewart, 1988; Trutmann and Keane, 1990). Some plant 
seedlings have also been used to test Trichoderma species for 
their ability to confer protection from soilborne fungi in 
greenhouse tests, but none of them has been proven effective 
and reliable for screening potential Trichoderma candidates 
for biocontrol (Henis et al., 1978; Chet and Baker, 1981; 
Elad, et al., 1980; Sivan, et al., 1984; Gillespie-Sasse and 
Almassi, 1991) . So far, no clear correlation between in vivo 
and in vitro tests have been established (Chet, 1987) .
Several kinds of readily available media have been 
tested for efficacy in the use of Trichoderma for biological 
control (Wells, et at., 1972; Backman and Rodriguez-Kabana, 
1975) . Many workers have found that wheat bran is a very 
good medium for growth and sporulation of Trichoderma, and is 
a superior medium for biocontrol formulations with 
Trichoderma (Hadar, et al., 1979; Elad, et al., 1980; Sivan, 
et al., 1984; Lewis and Papavizas, 1987; Smith, et al., 1990; 
Howell, 1991; Kleifeld and Chet, 1992; Wilhite, et al., 
1994) . The antibiotic effect of Trichoderma species was 
enhanced by adding various species-specific compounds, such 
as organic acids, polysaccharides, or polyhydroxyl alcohols 
(Bell, et al., 1982; Nelson, et al., 1988). Conifer bark was 
recently demonstrated to give optimum development of T.
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harzianum to control pre-emergence damping-off of pea caused 
by Pythium sp. (Steinmetz and Schobeck, 1994) .
Conidial suspensions and mycelial preparations have been 
commonly used as inoculum. Lewis and Papavizas (1987) 
concluded that 3- and 8-day-old inoculum (germlings) of 
Trichoderma in wheat bran greatly reduced (> 90%) damping-off 
of cotton when germlings were added to soil at the same time 
as seed infested with Rhizoctonia solani Kuhn or 1 week 
later. Conidial suspensions have been successful when used 
for foliage, soil, or seed inoculations (Ahmad and Baker, 
1987b; Nelson and Powelson, 1988; Harman and Taylor, 1988; 
Sivan and Chet, 1989). Efficacy of Trichoderma preparations 
used in Pythium-infested soil as a seed treatment could be 
increased by combining with matrix priming, a process in 
which moistened seeds are mixed with an organic carrier and 
the moisture content of the mixture brought to a level just 
below that required for seed germination (Harman and Taylor, 
1988) .
Results of field studies with Trichoderma have been 
mixed. Trichoderma spp. have been reported to be efficient 
biocontrol agents for a wide range of plant pathogens in 
greenhouse studies, including Armillaria mellea (Vahl ex 
Fries) Karsten, Pythium spp., Phytophthora spp., Rhizoctonia 
solani, Sclerotium rolfsii Saccardo, Fusarium spp., 
Aspergillus niger van Tieghem, Botrytis cinerea Persoon ex 
Fries, Sclerotium spp., Septoria tritici Roberge et
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Desmazieres, Botrytis spp., Gaeumannomyces graminis var 
tritici Walker, Mucor sp., Phoma betae Frank, and Gerlachia 
nivalis (Cesati ex Saccardo) Games et Muller (Al-Hashimi and 
Perry 1986; Chet, 1987; Nelson, et al., 1988, Nelson and 
Powelson, 1988; Harman and Taylor, 1988; Harrison and 
stewart, 1988; Sivan and Chet, 1989; Simon, 1989; Smith, et 
al., 1990; Elad, et al., 1993; Abada, 1994). Trichoderma 
spp. have also been used in field studies to control R. 
solani, S. rolfsii, G. nivalis, Pythium aphani derma turn 
(Edson) Fitzpatrick and Fusarium spp. (Elad, et al., 1980, 
1981, 1982, 1983; Sivan, et al., 1984, Sivan and Chet, 1986; 
Al-Hashimi and Perry 1986), to control wheat and soybean 
diseases caused by Fusarium graminearum Schwabe, Glomerella 
glycines (Hori) Lehman et Wolf and Macrophomina phaseolina 
(Tassi) Goidanish in southern and central Brazil (Fernandez, 
1992a, 1992b), to protect apple seedlings from hypocotyl 
lesions and root damage caused by Phytophthora cactonum 
(Lebert et Cohn) Schroeter in the greenhouse (Smith, et al., 
1990), to control Pythium seed rot and pre-emergence damping 
off of peas (Nelson, et al., 1988), and to reduce disease 
severity of R. solani in commercial strawberry nurseries and 
fruiting fields (Elad, et al., 1981), etc.
It has been demonstrated that efficacy of Trichoderma in 
field tests is species- or strain-dependent, and pathogen 
specific and can be affected by many abiotic and biotic 
factors, especially by other microorganisms in situ. Harman
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et al. (1980) reported that T. harzianum could not be used 
for pea or radish seed treatment but T. hamatum effectively 
protected the seedlings from diseases caused by R. solani or 
Pythium spp. . T. hamatum and T. koningii reduced mortality 
of wheat plants when incubated with the take-all fungus in 
sterilized and non-sterilized soil, but T. harzianum did not 
(Dewan and Sivasithamparam, 1988). Trichoderma did not 
induce suppressiveness to Pythium in soil, but was effective 
in seed treatment, while it induced suppressiveness to R. 
solani in both seed and soil treatments (Chet and Baker, 
1981; Harman, et al., 1980; Lifshitz, et al., 1986). Binab, 
a commercial pellet containing T. harzianum and T. polysporum 
which is effective to certain decay fungi in Europe, failed 
to control silver leaf disease of old apple trees (Gerhardson 
and Garedal, 1987) and the wood decay fungus Lentinus 
lepideus Fries of southern pine, sapwood and Douglas fir 
(Morrell and Sexton, 1990). Biological control of R. solani 
and Fusarium solani (Martius) Saccardo infection in tobacco 
transplants was only achieved by adding T. harzianum to 
methyl-bromide fumigated seed beds before seed was sown, 
suggesting the importance of activity of microflora in soil 
(Cole and Zvenyika, 1988). Bacteria such as Pseudomonas 
reduced the ability of T. hamatum to protect pea seeds from 
infection by Pythium spp. due to the depletion of Fe ions by 
the bacterium (Hubbard, et al., 1983). Research has been 
conducted to study the effectiveness of incorporating
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Trichoderma inoculum with low dosages of fungicide which 
partially suppresses soil microflora because of the 
observation that some Trichoderma species are tolerant to 
some fungicides (Abd-El Moity, et al., 1982; Henis, et al., 
1978; Hadar, et al., 1979; Papavizas, 1981).
The timing of application may also be critical to 
achieve successful biocontrol with Trichoderma. For example, 
pre-inoculation of a T. harzianum spore suspension offered 
very good protection against the damping-off disease of 
tobacco caused by P. aphanidermatum in both sterilized or 
unsterilized soil (Fajola and Alasoadura, 1975).
Mechanisms of biocontrol by Trichoderma: Four biocontrol 
mechanisms of Trichoderma have been proposed so far: 
competition, antibiosis, lysis, and mycoparasitism (Adams, 
1990; Cook and Baker, 1983; Papavizas, 1985; Chet, 1987).
Competition: Multiple-regression analysis has indicated 
that seasonal variation of species and the abundance of 
Trichoderma may be mediated to a large extent by competition 
with other species rather than by the direct effect of 
abiotic factors in a spruce-forest soil. The competitive 
saprophytic ability (CSA) of species differed with 
temperature, litter type, associated mycoflora and the 
interactions among them, but importance of competition in 
natural microflora remains unclear (Widden and Jean-Jacques, 
1980; Widden and Hsu, 1987) . According to Garret's criteria 
(Garret, 1970), a fungus with good competitive saprophytic
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ability (CSA) should germinate rapidly, grow quickly, produce 
appropriate enzymes and antibiotics, and resist the 
inhibitors in the niche. Sivan and Chet (1989) believed that 
competition for nutrients between r. harzianum and the 
chlamydospores of pathogenic Fusarium oxysporum 
Schlechtendahl in melon and cotton rhizosphere soil was the 
mechanism of biocontrol throughout three consecutive 
plantings, because inhibition was nullified by adding an 
excess of seedling exudates. Similar conclusions have been 
drawn by other researchers (Rai and Srivastava, 1983; Dewan 
and Sivasithamparam, 1988; Harrison and Stewart, 1988; 
Litshitz, et al., 1986). The CSA of Trichoderma spp. may be 
directly affected by the type and density of other soil 
microflora, such as bacteria (Davet, 1986), depending on
species and environmental conditions (Chung and Hoitink,
1990; Eastburn and Butler, 1988b; Hubbard, et al., 1983). 
These and other factors may account for those reports 
indicating that Trichoderma spp. were not strong competitors 
in the rhizosphere (Chao et al., 1986; Papavizas, 1981, 1985; 
Ahmad and Baker, 1987b).
In general, there is evidence that competition plays an 
important role in biocontrol by Trichoderma because it is 
directly associated with colonization, establishment and 
development in the ecological niches it is applied to. The 
evaluation of CSA should be based on the frequency of
recovered Trichoderma, the ability to utilize a variety of
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substrates, the dynamics of growth, and the ability to 
suppress the population of other related microorganisms and 
the ability to adjust themselves to environmental stress. 
Current in vitro screening and testing systems have not been 
effective for evaluating the competitive saprophytic ability 
of Trichoderma spp.
Antibiosis: Fungitoxic action of Trichoderma spp. and 
Gliocladium was first reported in the 1930's (Allen and 
Haenseler, 1935). Weindling (1937) noticed the toxic effect 
of culture filtrates of Gliocladium spp. and Gliocladium 
virens Miller et al. (= T. lignorum (Tode) Harz and reported 
that the toxic substances differed in their stability in 
culture filtrate. Brian, et al. (1945, 1946) isolated active 
gliotoxin and viridin in crystalline form from three isolates 
of G. virens. Both were active against Botrytis allii Munn. 
Jeffreys et al. (1953) showed that some Trichoderma isolates 
produced metabolites which inhibited B. allii. Rishbeth 
(1950) demonstrated that Trichoderma spp. produced 
metabolites against Heterobasidion annosum (Fries) Brefeld 
(as Fomes annosus). Dennis and Webster (1971) were the first 
to describe the antagonistic properties of Trichoderma in 
terms of antibiotic production, and found that many isolates 
of Trichoderma spp. produced volatile and/or non-volatile 
antibiotics active against a range of fungi in vitro. The 
ability to produce such antibiotics varied between isolates 
of the same species as well as between different species, and
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the susceptibility of fungi to these antibiotics varied 
widely. Chloroform-soluble antibiotics other than gliotoxin 
and viridin were involved (Dennis and Webster, 1971a, 1971b) .
The existence and importance of the antibiotics produced 
by Trichoderma species as a mechanism in biological control 
has been argued. Cook and Baker (1983) concluded that 
"Trichoderma spp. are more common in soil than Gliocladium 
spp. but are not considered to produce antibiotics; rather, 
they are effective mycoparasites." This was based on the 
observations of many workers that mycelia of Trichoderma spp. 
grows along and coils around hyphae of host fungi that become 
vacuolated, collapsed, and finally disintegrate (Chet and 
Baker, 1981; Weindling, 1932) . Webster and Lomas (1964) also 
concluded that T. viride did not produce antibiotics and that 
the organism thought to produce the antibiotic probably was 
G. virens. These conclusions were supported by findings that 
T. harzianum is an effective mycoparasite that produces B- (1- 
3) glucanase and chitinase rather than producing antibiotics 
(Chet and Baker, 1980, 1981) . For the last 10 years,
however, there have been a number of reports which suggest 
that Trichoderma species such as T. harzianum, T. hamatum, T. 
koningii, T. viride, T. longibrachiatum (=T. reesei), T. 
polysporum and T. lignorum (=T. viride), are capable of 
producing an array of metabolites in vitro which have 
antifungal activity (Ghisalberti and Sivasithamparam, 1991). 
The compounds have been classified into three categories: 1)
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"volatiles" are those having significant vapor pressure, such 
as 6-n-pentyl-2H-pyran-2-one and most of the isocyanide 
compounds, 2) "leachable" are those with some solubility in 
water, and 3) the peptaibols. More than 30 compounds have 
been identified according to their chemical structure 
(Ghisalberti and Sivasithamparam, 1991).
Fries (1973) stated "it is now absolutely clear that 
fungi in practically all habitats live in an atmosphere 
containing various volatile organic compounds which may have 
positive or negative effects on the life of other
microorganisms in the habitat." Therefore, it is realistic 
and practical to adjust the population of microorganisms 
which produce inhibitory volatiles to protect plants from 
pathogens. Russian workers were the first to demonstrate the 
existence of volatile organic compounds which act upon fungi 
(Fries, 1973), but several workers demonstrated inhibitory 
effects of vapors from Trichoderma spp. upon growth and spore 
germination of soil fungi (Bilai, 1956; Hutchinson and Cowan, 
1972; Dennis and Webster, 1971a, b, c) . Carbon dioxide,
acetaldehyde, ethanol, and other gases from cultures of a 
strain of T. harzianum on agar medium inhibited Pyronema 
domesticum (Sowerby ex Gray) Saccardo, Pythium ultimum Trow, 
Mucor hiemalis Wehmer, Fomes annousus (Fries) Cook, F.
oxysporum, R. solani, Aspergillus sp. and Pestalotia
rhododendri Guba. Soil fungistasis was considered to be 
caused by volatiles released by some soil fungi, such as
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Penicillium (Singh and Saksena, 1980) , Streptomyces (Gupta 
and Tandon, 1977), Aspergillus (Johri and Singh, 1975), and 
Trichoderma (Hora and Baker, 1972). Trichoderma itself was 
resistant to volatiles produced by other fungi, such as 
Aspergillus spp. (Johri and Singh, 1975) . Volatiles produced 
by Trichoderma can induce sexual reproduction in Pythium and 
Phytophthora (Haskins and Gardner, 1978), reduce the 
incidence of diseases such as pod rot of snap beans caused by 
B. cinerea in a detached blossom-pod assay (Nelson and 
Powelson, 1988) , and reduce the loss of damping off in 
lettuce seedlings caused by R. solani during in vitro testing 
(Claydon, et at., 1987). However, T. hamatum, T. harzianum, 
T. longibrachiatum and T. pseudokoningii were inactive in a 
volatile test (Brasier, 1975a, 1975b) and volatiles produced 
from T. viride had little or no effect on number of apothecia 
produced by P. domesticum (Moore-Landecker, 1988), indicating 
that the effect of volatiles of Trichoderma might depend on 
the species, type and amount of volatiles, environment, and 
the susceptibility of the target fungi. Generally among the 
fungal volatiles formed in soil are ethylene, alcohols, 
aliphatic and aromatic aldehydes, esters, amines, and
methylated halogens (Linton and Wright, 1993).
Weindling (1932, 1934, 1936, 1937) was the first to
find that culture filtrates of G. virens (as T. lignorum)
were toxic to R. solani and other fungi at high dilution.
Some Trichoderma isolates were later reported to show
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antibiotic activity against B. allii (Brian and Hemming, 
1945) and F. annosus (Rishbeth, 1950; Jeffreys, et al., 
1953). Dennis and Webster (1964, 1971) conclusively
demonstrated that many isolates of Trichoderma, at least in 
agar medium or liquid culture, produced non-volatile 
antibiotics active against a range of fungi. The ability to 
produce antibiotics varied among isolates of the same species 
as well as between species, and the susceptibility of fungi 
to these antibiotics varied widely and the antibiotics 
produced by Trichoderma were different from those produced by 
Gliocladium. In the 25 years since the Dennis and Webster 
(1971) studies, toxic metabolites produced by Trichoderma 
spp. have been the subject of intensive study, and more 
direct and indirect evidence has been found to support the 
hypothesis that Trichoderma species are capable of producing 
antibiotics that may play an important role in biological 
control. Many metabolites produced by Trichoderma species 
have been shown to have antibiotic properties against a wide 
range of pathogenic fungi (Fajola and Alasoadura, 1975; 
Tronsmo and Raa, 1977; Sivan, et al., 1984; Kellock and Dix, 
1984; Whipps, 1987; Al-Heeti and Sinclair, 1988; Simon, et 
al., 1988; Dunlop, et al., 1989; Almassi, et al., 1991; 
Ghisalberti, et al., 1992; Ordentlich, et al., 1992; 
Scarselletti and Faull, 1994; Parker, et al., 1995). 
According to the review by Ghisalberti and Sivasithamparam 
(1991), more than 29 compounds are produced by Trichoderma
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spp. which are active against common soilborne pathogens. 
The chemical structure and antibiotic properties of these 
compounds have been studied through structural analyses and 
bioassays of the extracts from liquid cultures of individual 
species. The types of metabolites produced by Trichoderma 
species may differ among strains as does the antibiotic 
producing ability of strains. For example, at least five 
types of chemical strains of T. harzianum have been 
determined and the compositions of their antibiotic and 
inhibitory metabolites are different (Lynch, 1987/ Claydon et 
al., 1987; Mercer and Kirk, 1984a, b; Ghisalberti et al., 
1992; Almassi et al., 1991; Ordentlich, et al., 1992; 
Scarselletti and Faull, 1994) . Some investigations, however, 
have failed to show any antibiotic activity by Trichoderma. 
Harrison and stewart (1988) found that liquid culture 
filtrate of T. viride at a ratio of 1:10 of filtrate and agar 
medium was not inhibitory to Sclerotium cepivorum. Cutler 
and Jacyno (1991) evaluated (-)-Harzianopyridone extracted 
from T. harzianum isolated from azalea galls for its 
biological activity and found it to be moderately active 
against bacteria and relatively inactive against fungi, 
although Dickinson et al. (1989) reported that their sample 
of this compound exhibited "significant activity" against B. 
cinerea and R. solani. Lifshitz, et al., (1986) reported 
that culture filtrates of T. harzianum were inhibitory to 
Pythium but not to R. solani, suggesting that R. solani was
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more resistant to the toxic metabolites than Pythium. Low 
concentrations of the antibiotic in the filtrate and 
resistance of the pathogen may help explain the different 
reports of efficacy of Trichoderma treatments. Whipps (1987) 
reported that the media he used (tap water agar, soil extract 
agar, and PDA) had a significant effect on the growth rates 
of the fungi as well as the production of, and response to, 
volatile and non-volatile antibiotic compounds and hyphal 
interaction; therefore substrate characteristics may also 
help explain the differences in reported results.
Mutational analyses have been used to manipulate the 
production of antibiotics by Trichoderma and to attempt to 
determine the importance of antibiotics in biocontrol. Two 
T. harzianum mutants produced elevated levels of the wild- 
type 6-n-pentyl pyrone, as well as two new antifungal 
compounds which inhibited target fungi (Graeme-Cook and 
Faull, 1991). In another study, seven mutants lacking 
gliotoxin production (Glx-) displayed only 54% of the 
disease-suppressive activity of the wild-type isolate in vivo 
and exhibited a nearly total loss of antagonistic activity in 
vitro toward P. ultimum (Wilhite, et al., 1994). This study 
presented the most conclusive evidence to date for a major 
role for antibiotics in the suppression of a plant disease by 
a fungal biocontrol agent.
In summary, the information given above is clear 
evidence that a large number of Trichoderma species and
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strains are capable of producing various volatile or non­
volatile antibiotics in laboratory cultures. In some cases, 
evidence exists for antibiotic production in sites of high 
nutrient content such as seeds, decaying organic matter, and 
the rhizosphere. The importance of such antibiotics and 
inhibitory compounds in biocontrol systems has not been 
clearly elucidated, and may be more important in some systems 
than in others.
Parasitism: Mycoparasitism was claimed to be a major
mechanism in many experiments of successful biocontrol using 
Trichoderma spp. (Hadar et al., 1979; Harman et al., 1980; 
Chet and Baker, 1981; Elad et al., 1983). Chet (1987) 
proposed that the successive steps of mycoparasitism by 
Trichoderma include: 1) chemotropic growth of Trichoderma 
toward some stimuli in the host's hyphae or toward a gradient 
of chemicals excreted by the host, 2) recognition of the host 
by the mycoparasite, 3) coiling and penetration of 
Trichoderma around and into host hypha, and 4) excretion of 
extracellular enzymes and lysis of the host.
Since Aytoun (1953) first observed the coiling of 
Trichoderma hyphae around hyphae of A. mellea and Polyporus 
schweinitzii Fries, coiling and penetration has been observed 
in hyphal interactions between Trichoderma and other target 
fungi (Dennis and Webster, 1971c; Fajola and Alasoadura, 
1975; Elad et al., 1980, 1983, 1987; Chet and Baker, 1981; 
Sivan et al., 1984; Tong-Kwee and Keng, 1989; Trutmann and
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Keane, 1990; Ikotun and Adekunle, 1990; Benhamou and Chet, 
1993) . Observations with the scanning electron microscope 
(SEM) confirmed coiling of the antagonist around host hyphae 
and the chemotropic growth of Trichoderma spp. toward target 
fungi (Chet et al., 1981; Mercier and Reeleder, 1987; Elad, 
et al., 1987). The contact of two fungal hypha was mediated 
by a fine extracellular matrix rich in galactose residues 
(Benhamou and Chet, 1993).
Coiling and penetration behavior of Trichoderma differed 
not only in isolates of the same species (Dennis and Webster, 
1971c) but also with host species (Ikotun and Adekunle, 1990) 
and maturity of host hyphae (Trutmenn and Keane, 1990) . 
Ikotun and Adekunle (1990) observed no inhibitory zone when 
Trichoderma spp. were tested against S. rolfsii, 
Botryodiplodia theobromae Patouillard, M. phaseolina and 
Curvularia lunata (Wakker) Boadijn from maize, and Drechslera 
oryzae (Breda de Haan) Subramanian et Jain from rice, and 
only S. rolfsii was coiled by the mycelia of T. harzianum. 
No quantifiable relationship between parasitism and 
biological or field control of target fungi has yet been 
established.
Several reports have indicated that enzymatic lysis is 
the major mechanism involved in the inhibition of R. solani 
(Ridout, et al., 1986), S. rolfsii, and Pythium spp. by T. 
harzianum (Chet and Baker, 1980, 1981; Elad, et al., 1982). 
B-(l-3) glucanase and chitinase (Chet, et al., 1981; Chet and
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Baker, 1980; Elad et al., 1983) have been reported to be the 
major enzymes involved in the enzymatic lysis that can be 
induced by adding some host cell wall and lysed or living 
mycelium (Chet and Baker, 1980). Elad, et al., (1982) also 
reported that T. harzianum excreted B-l,3-glucanase and 
chitinase into the medium when grown on laminarin and chitin, 
respectively, or on cell wall of the pathogen S. rolfsii as 
sole carbon source. High activity of both enzymes was 
detected when T. harzianum was grown on homogenized S. 
rolfsii sclerotia. Protease, lipase and some other 
extracellular proteins have been reported to be involved in 
mycoparasitism. The composition of extracellular proteins 
was different with different strains of antagonist and host 
fungi (Elad, et al., 1982; Ridout, et al., 1986). Benhamou 
and Chet (1993) proposed that antagonists produce chitinases 
to breakdown cell walls which promotes internal osmotic 
imbalances that in turn trigger intracellular disorders in 
which many extracellular enzymes were involved.
Although the occurrence of enzymatic lysis in 
mycoparasitism by Trichoderma is obvious, the importance of 
its role in the whole biocontrol process is not clear. Some 
species of Trichoderma are capable of producing abundant 
enzymes in association with specific hosts and pathogenic 
fungi, but enzymes do not seem to be the major mechanism. 
Lifshitz et al. (1986) observed that the time for germination 
of conidia and vigorous growth of Trichoderma spp. was longer 
than that for Pythium to colonize seed coats of pea. Time
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restraints and lack of extensive hyphal contact of both fungi 
suggested that enzymatic analysis was not operative in this 
case. Belanger et al. (1995) found that the first 
ultrastructural changes of B. cinerea cells in dual culture 
with T. harzianum were observed 12 hours before contact 
between the organisms. These reactions were followed by a 
gradual retraction of the plasmalemma, disorganization of the 
cytoplasm, loss of turgor pressure and cell death within 48 
hours of contact between hyphae of the interacting fungi. 
The first evidence of penetration was apparently mediated by 
either mechanical pressure or localized wall digestion at 
points of entry, as there was no clear evidence of 
chitinolytic degradation of the B. cinerea cell wall, as 
determined by cytochemical labelling of chitin with a lectin- 
gold conjugate. However, after 10 days there were particles 
over the cell wall of B. cinerea. These results suggested 
that this strain of T. harzianum antagonized first and 
foremost by antibiosis, leading to cell death, followed by 
degradation of the cell by means of chitinolytic enzymes.
Understanding the role of mycoparasitism in biological 
control requires a quantification of parasitism, such as 
counting penetrations and coilings, and an assessment of the 
viability of the mycelium which is parasitized. The 
relationship between mycoparasitism and other mechanisms of 
biocontrol need to be evaluated concomitantly to understand 
the biocontrol process.
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Materials and Methods
1. Screening of Pythium and Trichoderma isolates
Two basic media were used throughout this study. Corn 
meal agar (CMA) was routinely used for both Trichoderma and 
Pythium; CMA was made inhibitory to Pythium (TSM) by addition 
of Ridomil (0.1 ml/1 ) when necessary. Pimaricin-Vancomycin 
(PV) medium, composed of 300 mg vancomycin, 0.4 ml pimaricin 
(Approx. 2.5% aqueous suspension), and 5 ml 2.5% PCNB in 95% 
ethanol in a liter of CMA was used for selectively isolating 
Pythium.
Seventy-five Pythium isolates were randomly selected 
from over 1,000 cultures previously isolated from longleaf 
seedling roots (Jones, et al., 1992) and screened for the
ability to cause lesions on roots of slash pine seed
germinated in petri dishes. Slash pine seeds were soaked 
overnight in sterile distilled water and incubated over a 
sheet of wet paper towel at room temperature. Healthy, newly 
germinated seedlings were selected and placed in petri dishes 
with some sterile water, and two 3 mm2 disks of CMA with 
Pythium growing on them were placed on the roots. The 
seedlings were examined every 24 hours for 15 days, and 
Pythium isolates were considered pathogenic if two out of 
three seedlings showed symptoms and died. There were three
replicates (seedlings) for each Pythium isolate.
Over 1,000 Trichoderma isolates previously isolated from 
pine seedling roots were screened initially for growth at
29
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12°C, and 280 of those that grew best were tested against 14
randomly selected Pythium isolates. CMA disks (3 mm2 ) of
Trichoderma and Pythium were placed 3 cm apart on CMA plates
and allowed to grow until the Trichoderma covered the plate
and/or began sporulating (3-5 days). At this point two
mycelial plugs were taken from behind each inoculation point
of both fungi, placed on PV and TSM and incubated for 3 days.
Pythium spp. were scored as totally inhibited when nothing
from either side of the petri dish would grow on PV medium.
When Pythium could be re-isolated from the Pythium plug side
of the dish but not the Trichoderma side, it was considered
to be partially inhibited. Those 21 Trichoderma isolates
which were able to cause total inhibition of 14 Pythium
isolates were selected for further screening against an
additional 105 Pythium isolates from various sources.
2. In vitro interactions between Pythium and Trichoderma or 
Gliocladium
Nine Trichoderma isolates which killed all 119 Pythium 
isolates tested in the screening system, six isolates which 
killed 50-70% of Pythium isolates, four isolates which showed 
no killing effect at all on corn meal agar (CMA), and one G. 
virens isolate were tested for production of antibiotics in 
both solid and liquid media (Table 1) . Two isolates of 
Pythium dimorphum Hendrix & Campbell (P81 and P155) were 
consistently used throughout the study.
C o m  Meal (CM) and modified Weindling's media (MW) were 
used for both agar plates and liquid cultures. To make CM























(K82432) b, (K22424)c, 
(T24422)d





3 (K72421) b, 4 (T41432) b,
T. piluliferum 1317 (T53444)c, (K51432) d. 1419 (T61411)c, (K54431)d 15 (K11455)
T. koningii 6 (K42444)b, 10 (T71421)c
T. viride 5 (K84423)b
T. pseudokoningii 8 (T22433)b
G. virens 20b
a The numbers following each species were the isolate numbers assigned to the isolates which were selected from the in vitro tests; the numbers in the parentheses were the original isolate 
numbers.b Isolates which were totally inhibitory to 95 Pythium isolates 
from pine roots and 24 from rice and sugar cane roots 
c Isolates which inhibited 50-70% of all Pythium isolates. 
d Isolates which did not inhibit any Pythium isolates tested.
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liquid medium, 125 g cornmeal was added to 3.5 liter 
distilled water, steeped at 56-58°C for one hour, and 
filtered through a layer of Whatman No.4 filter paper. Three 
grams of yeast extract and enough water were added to make a 
final volume of 3 liters. Liquid MW was made by adding 25 g 
glucose, 2.5 g peptone, 2 g KH2P04, 1 g MgS04, and 5 g malt 
extract to 1 liter distilled water (pH4); 17 grams of agar/1 
were added as necessary to make agar medium. Wheat bran 
medium, which was prepared by mixing 400 ml. of wheat bran 
and 200 ml. of water in a Mason jar and autoclaving for an 
hour, was also used for production of volatile antibiotics.
To test for antagonistic metabolites produced on 
nutritional agar medium, a single sterile disk of dialysis 
(molecularporous) membrane (Spectra/Por, #1) which was 
previously soaked in sterile distilled water over night was 
placed aseptically on agar medium in 60X15 mm petri dishes 
for which it had been cut to fit. A plug (3 mm2) of each 
Trichoderma isolate was cut from the margin of a 3- to 4-day- 
old culture growing on CMA and placed on each of the prepared 
plates. The plates were incubated at room temperature (about 
22°C) for 2 days and the membranes and adhering fungus were 
then removed, leaving the underlying agar sterile. A plug of 
the Pythium test fungus was placed immediately in the center 
of the underlying agar. These tests were conducted in 
triplicate. Control plates consisted of un-inoculated plates 
with the dialysis membrane placed on the sterile medium. The
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colonies were measured after 24 hours and the data subjected 
to statistical analysis. Initial tests were conducted on two 
media, CMA and MWA, and follow-up tests were conducted on 
both media at pH levels of 5, 7 and 9.
To test for antagonistic metabolites produced in liquid 
culture, 10 plugs (3 mm2) were cut from the margins of 
vigorously growing cultures of each Trichoderma strain and 
placed in a 500 ml Monax flask containing 100 ml liquid 
medium. These flasks were incubated at room temperature 
(about 22°C) on a rotary shaker at 12 rpm for 13 days. At 2, 
3, 4, 5, 6, 8, 10, and 13 days after inoculation, 100 ill of 
culture liquid were aseptically placed in a central well (10 
mm in diameter) in a CMA plate. A plug bioassay method for 
measuring the inhibitory effect of liquid culture was 
developed. A 3 mm2 plug of P. dimorphum was cut from the 
margin of a vigorously growing culture, placed in the middle 
of a 12 mm disk of fresh CMA, and placed on top of the well 
containing the culture liquid. Three plates were used for 
each of the Trichoderma strains cultured in the liquid 
medium. The P. dimorphum on the plates was incubated at room 
temperature for 48 hours and inhibitory index (Iln) were 
determined by following equation:
Colony diameter (CD) of control- CD of treatment
IIn=100*-------------------------- -------- ------------
CD of control
In an alternative disk bioassay test, 12 mm diameter disks of 
actively growing P. dimorphum were placed directly on top of
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the wells containing culture liquid. Culture filtrate from 
a 13-day-old liquid culture was autoclaved at 121 °C for 10 
minutes to test for heat stability of metabolites showing 
antibiotic activity by the plug bioassay method.
To test for the production of volatiles by Trichoderma 
on CMA, a 3 mm2 plug of each of 19 selected Trichoderma 
isolates and one Gliocladium virens isolate was cut from a 
fresh culture and placed in the middle of a CMA plate. 
Another petri dish bottom containing fresh CMA was inverted 
and then placed on top of the inoculated plate and the two 
bottoms were sealed with parafilm (Fig. 1). The cultures in 
the petri dishes were incubated at room temperature (about 
22°C) for 24 hours and a P. dimorphum plug was then placed on 
the CMA in the top plate and the system was sealed again. 
Twenty four hours later the Pythium colony size was measured.
To test for the production of volatiles in wheat bran, 
3 mm2 plugs of each of 19 selected Trichoderma isolates and 
one Gliocladium virens were placed in 100 mis. of wheat bran 
medium in a Mason jar and incubated for 2 days. Some of the 
wheat bran Trichoderma culture was then placed in three 60X15 
mm petri dish bottoms and covered by another petri dish 
bottom containing CMA with a 3 mm2 P. dimorphum plug in the 
middle. The petri dishes were tightly sealed with parafilm 
and 24 hours later the Pythium colony diameter was measured








Fig. 1. Two 60 x 15 ram petri dish bottoms sealed together 
with parafilm. The top dish contains sterile agar medium; 
the bottom contains a medium inoculated with the fungus to be 
tested for volatile production
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(Fig. 1). After being removed from wheat bran culture, the 
CMA plates which were lethal to P. dimorphum were washed with 
sterile distilled water three times and their inhibitory 
ability was again tested by placing fresh P. dimorphum plugs 
in the washed plates. Fifteen mis. of gas were withdrawn 
with a syringe from the space between the wheat bran culture 
and the top CMA plate which had P. dimorphum growing on it 
and injected into a dissolved oxygen probe (Lazar DO-166, 
Accumet 1002).
The effects of volatiles produced by antagonists 
cultured in Mason jars were also evaluated. Wheat bran 
culture medium was prepared and inoculated with Trichoderma 
in the manner described previously and added to 500 ml Mason 
jars. A CMA plate with P. dimorphum in the middle was placed 
in the Mason jar, incubated at room temperature for 24 hour, 
and colony diameters measured. Each treatment was replicated 
three times.
T. hamatum 1, T. hamatum 3, T. harzianum 11, T. 
piluliferum 19 and G. virens 20 were selected for extraction 
of antibiotics from solid media. Ten plates of CMA on which 
each isolate had grown on molecularporous membrane were 
pooled and extracted with three volumes of 50 ml ethyl 
acetate in a separatory funnel. Ten grams of sodium sulphate 
was added to the ethyl acetate phase and the ethyl acetate 
was evaporated in a rotary vacuum evaporator (approximately 
45°C). Agarose plates which were exposed to Trichoderma
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cultures on wheat bran in the closed petri dish system were 
similarly extracted, as were 13-day-old CM liquid cultures of 
Trichoderma. All the extracts were diluted in distilled 
water by factors of 10, 100 and 1000. The inhibitory effect 
of the extracts was evaluated using the plug bioassay method 
as described previously.
For observation of hyphal interaction, T. hamatum 1, T. 
harzianum 11, T. piluliferum 19 and G. virens were grown in 
dual culture with P. dimorphum on thin CMA plates (2 ml per 
60 x 15 mm petri dish) . One plug each (3 mm2) of vigorously 
growing cultures of Pythium and an antagonist were placed 2-3 
cm apart at the same time on the CMA plates. The plates were 
examined 24, 48 and 72 hours after fungal colonies grew into 
each other. In the interaction zone of the two fungi, 10 
randomly selected Pythium hyphae were observed for coiling or 
penetration by Trichoderma hypha and coiling and penetration 
percentages were counted. A coiled or penetrated hypha was 
counted if coiling or penetration occurred in the Pythium 
hypha selected in the field observed under the microscope. 
The hyphae were selected for observation by moving 
microscopic fields sequentially in one direction until 10 
hyphae were unequivocally identified. The viability of 
Pythium in each combination was estimated by transferring 10 
colony plugs from the interaction zone onto fresh PV agar 
plates to obtain the ratio of living plugs to total plugs 
used. Pythium recovery rates were then arcsin transformed
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for multivariate analysis of the repeated measurements. Each 
of 19 Trichoderma isolates and one G. virens isolate was 
examined in the same way to determine coiling rate and 
inhibition index in the membrane-CMA. plates. There were 
three replicates for each treatment.
3. Field trials for evaluation of selected biocontrol 
candidates and Pythium spp.
An initial field trial in 1992-1993 was designed to 
confirm the pathogenicity of selected Pythium isolates and to 
determine the effects of specific Trichoderma isolates alone 
on pine seedlings during cold storage. During 1993-1994 two 
field trials were used to evaluate Trichoderma species as 
potential biocontrol candidates in combination with different 
isolates of P. dimorphum at different inoculum levels. The 
inoculum levels of both fungi in the treatments were also 
evaluated for a selected Trichoderma and Pythium species. 
The final field experiment during 1994-1995 was designed to 
confirm the efficacy of the antagonists selected from 
previous field trials. Two inoculation techniques were also 
evaluated in the field experiments to improve the biocontrol 
efficacy. The relationships between Pythium population 
levels and seedling mortality and between Trichoderma 
population levels and biocontrol efficacy were also 
determined by monitoring population development of both fungi 
in the treatments.
In the initial field trial (1992-1993), four Trichoderma 
isolates were selected: T. harzianum 2, T. piluliferum
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(T33442), and T. hamatum 1 and 3. They were partially (T. 
piluliferum 13) or completely (T. harzianum 2, T. hamatum 1 
and 3) inhibitory to 119 Pythium isolates when tested in 
vitro. Eight P. dimorphum isolates (P76, P81, P87, P110, 
P150, P155, P1110, and P1122) and seven Pythium isolates
(P28, P29, P102, P115, P138, P146, and P1173) that caused 
lesions to roots of young longleaf pine seedlings were used.
In the second field trial (1993-1994) two P. dimorphum 
strains (P81, P155) that had previously been demonstrated to 
be highly pathogenic under storage conditions were used to 
ensure high disease pressure to test biocontrol efficacy of 
T. hamatum isolates 1, 3, 7, and T. viride 5. Eight
combinations of Trichoderma and Pythium species were assigned 
to treatments as follows: Trichoderma inoculum was applied at 
two rates, 100 and 400 mis. of wheat bran culture/3.845 L 
clay slurry (1.514 g clay plus 3.785); Pythium inoculum was 
applied at a rate of 400 mis. wheat bran culture. Each 
fungus was also inoculated singly and with or without the 
fungicide Ridomil (10 ppm in clay slurry) ; one treatment was 
inoculated with sterile wheat bran, and there was one un­
inoculated time zero control. There were 30 treatments plus 
the time zero check for a total of 31. The out-planting 
experiment was replicated three times, with 20 trees per 
replicate.
P. dimorphum (P155) and T. viride 5 were chosen as the 
inoculation agents in a supplementary field trial during
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1993-1994. P. dimorphum was applied at three rates, 50, 100, 
200 mis. of wheat bran concoction/gal clay slurry, and T. 
viride was applied at 400 mis. There was one treatment 
inoculated with sterile wheat bran, and one time zero 
control.
In the third year field trial (1994-1995), P. dimorphum 
(P81), T. hamatum 1, 3, 4, 7, T. harzianum 2, 9, 11, 19, 12, 
T. piluliferum 15, 19, T. viride 5, T. koningii 6, T.
pseudokoningii 8, and G. virens 20 were used at the rate of 
25 mis of P. dimorphum wheat bran inoculum and 400 mis of 
Trichoderma. The study included a combination treatment with 
T. hamatum 1, T. harzianum 11, and G. virens 20 together, a 
treatment with T. hamatum 1 and T. harzianum 11, a treatment 
with T. hamatum 1 plus G. virens 20, a treatment inoculated 
with P. dimorphum only, and a treatment with Pythium plus 
Ridomil.
Several different substrates for preparing inocula were 
tried. Wheat, rice, or oat seeds mixed with vermiculite and 
V-8 juice gave inconsistent results and were inconvenient to 
use. Ground corn cob and wheat bran were also tried and both 
were good for Trichoderma growth but Pythium grew much better 
on wheat bran than on corn cob, and wheat bran also mixed 
better with the clay slurry used to coat seedling roots prior 
to cold storage. According to the literature (Lewis, et. al, 
1987; Sivan, et al. 1984; Howell, 1991), Trichoderma 
germlings on wheat bran have proven to be a good inoculum
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preparation for delivery of the fungus. The wheat bran 
inoculum was prepared by mixing wheat bran and water at a 
ratio of about 2:1 and autoclaving for 1 hour. Trichoderma 
and Pythium isolates were grown on CMA plates and three plugs 
from the colony margin of each isolate were transferred into 
the jars of wheat bran. The amount of wheat bran in a jar 
was adjusted to the volume necessary for inoculation in each 
treatment. The cultures were incubated for 3-5 days, and the 
inoculated jars were shaken vigorously every 24 hours. 
Inocula were mixed and stirred uniformly in a gallon of clay 
slurry into which bare rooted longleaf pine seedlings were 
dipped prior to cold storage at 3°C in Kraft paper bags.
Two inoculation methods were used for field experiments 
during the 1994-1995 tests. For the first method, 400 ml. of 
wheat bran inoculated with either Trichoderma or G. virens 
one week previously was mixed with clay slurry, and pine 
seedlings were dipped in the mixture. The treated seedlings 
were stored in the cold. After 1 week another 400 mis. of 
Trichoderma wheat bran inoculum was mixed with 25 mis. of 
wheat bran which was inoculated with P. dimorphum in the same 
way as the Trichoderma species and mixed in with the clay 
slurry. The seedlings were dipped in this mixture and then 
stored in the cold for 3 weeks. For Pythium control, the 
initial inoculum consisted of sterile wheat bran only, and 
the second inoculation after 1 week cold storage consisted of
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400 mis. of sterile wheat bran plus 25 mis. of P. dimorphum- 
inoculated wheat bran.
For the second method, after dipping pine seedlings in 
clay slurry, 400 mis. of Trichoderma wheat bran inoculum was 
sprinkled on the roots when they were bagged. After 1 week 
storage in the cooler, the seedlings were dipped in a mixture 
of clay slurry and Pythium wheat bran inoculum and then 
sprinkled with another 400 ml. of Trichoderma wheat bran 
inoculum and bagged again.
For the fungicide control, Ridomil (10 ppm in water) was 
mixed with clay slurry at the initial dipping prior to cold 
storage, and Pythium inoculum was applied after 1 week. For 
the clay slurry only control, the seedlings were dipped twice 
in the clay slurry without any inoculum, before cold storage 
and 1 week after cold storage.
A randomized block design was used for all treatments in 
the field trials. A control consisting of non-inoculated 
seedlings sampled at time zero was also utilized to provide 
information about initial root mycoflora and seedling 
condition as reflected by survival rates of out-planting 
seedlings. There were three blocks with the untreated, non­
stored seedlings assigned to the first plot of each block and 
the other treatments randomly assigned to the remaining 
plots. Each treatment consisted of 20 seedlings and three 
replicates (blocks) for the out-planting portion of this
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experiment. Survival rates of out-planted pine seedlings in 
each treatment were calculated.
Twenty-four hours after inoculation, five seedlings were 
randomly selected from each treatment and at least 90 root 
pieces (1 cm) were cut from their lateral roots and 
sterilized with a Clorox (5.25% of sodium hypochlorite), 
ethanol (95%) and water solution (15:15:70) for 1 minute. 
Half of these root pieces were placed on nine PV plates and 
half on nine PDA plates for determination of Pythium and 
Trichoderma population levels, respectively. Three to 5 days 
after incubation at room temperature the colony counts in 
three plates were pooled and counted as the colony number in 
15 root pieces. The same procedure was conducted with the 
root samples which were collected at weekly intervals for 4 
weeks from five seedlings stored in the cold. Survival rates 
of out-planted seedlings were determined after 9 months in 
the field.
Arcsin transformation was used for proportions and the 
transformed data were used in multivariate analysis to test 
main effects of all factors involved in the field 
experiments, whereas mean rates and Duncan's grouping were 
used to show difference among the treatments.
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Results
1. Screening and identification of Pythium and Trichoderma 
isolates
Forty of the 75 Pythium isolates caused lesions on 
newly-germinated slash pine seedlings in the in vitro test, 
but the time in days required for lesions to appear differed 
among isolates. The 14 isolates which required the least 
time to cause lesions in seedlings and which grew most 
rapidly at 12°C were selected for further testing (Table 2). 
Healthy seedlings without Pythium inoculation would survive 
more than 20 days in a petri dish with fresh distilled water 
added daily.
Seven out of the 14 Pythium isolates selected were 
identified as P. dimorphum based on the typical thick-walled 
chlamydospores, lemon-shaped sporangia and spiny oogonia 
(Figs. 2 and 3) . It was concluded that P. dimoiphum was a 
dominant species (at least 50%) of the Pythium population 
isolated from the roots of longleaf pine seedlings, based on 
the characterization of 90 randomly selected isolates 
(Appendix A).
None of the 280 Trichoderma isolates which grew well on 
CMA at 12 °C was inhibited by Pythium spp. under the 
conditions of the dual culture, whereas 21 isolates of 
Trichoderma killed 14 Pythium isolates tested. Nine out of 
the 21 antagonistic Trichoderma isolates also killed an 
additional 95 Pythium isolates from pine roots and 24 from 
rice or sugar cane roots in vitro (Table 1). The rest of the
44

















Table 2 . Time in days required for lesions to appear on roots 
of four-day-old slash pine seedlings grown in sterile water in 
petri dishes and inoculated with Pythium isolates
Pythium # Pythium # Pythium # Pythium # Pythium #
P003 15* P008 _ P009 15 P010 15 P011 _
P017 - P019 15 P022 15 P024 - P026 -
P027 5 P028b 5 P029b 5 P030 5 P031b 5
P032 5 P033 10 P035 5 P036 5 P038 5
P039 5 P043 5 P044 5 P045 5 P046 5
P047 10 CHECK - P050 4 P051 4 P052 4
P054 4 P057 4 P058 4 P059 - P060b 4P064 4 P067 4 P072 - CHECK - CHECK -
P076b 5 P078 - P081b 5 P084 — P087b 2
P101 2 P102b 3 P105 - PllOb 4 Pill -
P113 — P114 2 Pll5b 2 P116 3 P119 3
P123 - P125 - P127 - P128 - P129 4
P130 3 P131 - P132 3 P133 — P134 -
P136 5 P136 2 P137 3 Pl38b 2 P139 -







P151 3 P152 — P153 2
a Number represents the number of days required for lesions to first 
appear; the dash (-) represents no lesions after 15 days. 




Fig. 2. A sporangium of Pythium dimorphum (400X).
Fig. 3. Oogonia of Pythium dimorphum (400X)
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Trichoderma isolates tested killed some Pythium isolates and 
reduced to some extent the growth of the remainder; the 
number of Pythium isolates that Trichoderma spp. killed 
differed from isolate to isolate.
2. In vitro interactions between Pythium and Trichoderma or 
Gliocladium
Isolates of Trichoderma and Gliocladium differed in 
their growth rates on dialysis membrane placed on the surface 
of CMA or MWA and in inhibition of P. dimorphum after the 
membrane was removed. Medium type strongly affected the 
inhibition index (Iln) of each antagonist to P. dimorphum, 
but had no effect on Trichoderma growth rates according to 
the statistical analysis. Most T. hamatum and T. koningii 
isolates grew faster on MWA whereas most T. harzianum did so 
on CMA, but there were no such trends among T. piluliferum 
isolates. All antagonists tested were lethal to P. dimorphum 
on MWA (mean pH= 4.03) while some were just inhibitory on CMA 
(mean pH=7.05), suggesting that the difference of medium pH 
might have affected Trichoderma in inhibiting P. dimorphum 
(Table 3) . T. hamatum isolates, except for T. hamatum 7, T. 
koningii, G. virens and two T. harzianum isolates, were 
lethal to P. dimorphum on CMA. Five T. piluliferum and 3 T. 
harzianum isolates were not lethal, suggesting that 
differentiation of lethality to P. dimorphum may exist in the 
isolates or species of Trichoderma (Table 3) . In general, 
the affected hyphae of P. dimorphum became transparent and
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Table 3. Comparison of the effects of two media on the 
growth of 19 Trichoderma isolates and Gliocladium virens 
after 42 hours and their inhibition of Pythium dimorphum 
24 hours after inoculation
Trichoderma colony Inhibition index
diameter (mm) (Iln) of Pythium by
Isolate Trichoderma (%)»
MWAb CMA= MWA CMA
T. hamatum ld 42.7 abed 40.0 efg 100.0 a 100.0 a
T. hamatum 3 36.0 e 39.3 fghi 100.0 a 100.0 a
T. hamatum 4 48.3 a 45.3 b 100.0 a 100.0 a
r. hamatum 7 36.7 de 29.0 k 100.0 a 85.3 b
r. viride 5 44.0 abc 41.0 def 100.0 a 100.0 a
T. koningii 6 44.3 abc 36.7 j 100.0 a 100.0 a
T. koningii 10 47.0 a 41.3 def 100.0 a 100.0 a
T. pseudokoningii 8 45.7 ab 37.3 hij 100.0 a 100.0 a
G. virens 20 38.3 cde 41.0 def 100.0 a 100.0 a
T. harzianum 2 38.7 cde 41.3 def 100.0 a 100.0 a
T. harzianum 9 44.7 abc 39.7 fgh 100.0 a 100.0 a
T. harzianum 11 37.3 de 43.0 bed 100.0 a 34.7 cd
T. harzianum 12 44.7 abc 49.3 a 100.0 a 28.7 de
T. harzianum 16 38.7 cde 44.3 be 100.0 a 15.0 g
T. harzianum 18 40.3 bede 42.3 cde 100.0 a 38.0 c
T. piluliferum 13 37.3 de 38.3 ghij 100.0 a 19.0 fg
T. piluliferum 14 37.7 de 37.0 ij 100.0 a 19.0 fg
T. piluliferum 15 37.3 de 39.7 fgh 100.0 a 28.3 de
T. piluliferum 17 36.0 e 41.7 def 100.0 a 33.0 cde
T. piluliferum 19 48.0 a 44.3 be 100.0 a 25.3 ef
a IIn=100((C - T)/C); C=Pythium colony diameter in control, 
T=Pythium colony diameter in treatment. The growth of 
each antagonists was tested on the membrane-agar plate. 
Means followed by the same letter in a column are not 
significantly different at 0.05 level by Duncan's grouping. 
b Modified Weindling's agar, pH=4.02. 
c Corn meal agar, pH=7.2. 
d Isolate number.
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had no cellular content, appearing as 'ghost' hyphae (Fig. 
4) .
Medium type and pH significantly affected the growth of 
nine selected Trichoderma and one Gliocladium isolate (Table 
4) . On both media, all isolates tended to grow slower at 
higher pH and grow better on CMA (Table 4) . The growth of P. 
dimorphum did not differ between the two media or between pH 
5 and 7. At pH 9, it grew slightly slower on CMA (Table 5).
All Trichoderma species produced diffusible metabolites 
on solid agar media which were inhibitory or lethal to P. 
dimorphum. T. viride 5, T. koningii 10, T. pseudokoningii 8, 
G. virens and T. hamatum 3 were capable of killing P. 
dimoxphum at all pH levels on both tested media. The ability 
of other species to inhibit the growth of P. dimorphum was 
affected by medium type and pH. T. harzianum 11 and T. 
piluliferum 19 was lethal on MWA at pH 4.02 (Table 3) but was 
not at pH 7 and pH 9 (Table 5). At pH 5, T. piluliferum 19 
was partially inhibitory whereas T. harzianum 11 was lethal. 
More species were lethal on MWA, suggesting that the 
fluctuation of quality and quantity of metabolite caused by 
the medium may affect the ability of each individual 
antagonists to kill or inhibit P. dimorphum on solid medium. 
On CMA, T. hamatum 1 and T. harzianum 2 became inhibitory, 
but were lethal on MWA. T. hamatum 1 was more inhibitory at 
lower pH whereas T. harzianum 2 and 11 were opposite although
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Fig. 4. A. Normal hyphae of Pythium dimorphum. B. 
Abnormal, vacuolated and non-viable hyphae of Pythium 
dimorphum observed in the inhibition zone without 
hyphal contact with Gliocladium virens (400X).

















Table 4. Effect of medium type and pH on growth of Trichoderma 





pH7 pH9 pH7 pH9
T. hamatum lc 30. 7d 23 .4 19.1 31.8 30.0 26.6
T. hamatum 3 26.1 22.6 20.8 27.1 24.2 21.8
T. viride 5 33.2 21.2 19.8 32.1 27.2 22.0
T. koningii 10 37.9 29.2 23 .4 30.0 28.0 26.8
T. pseudokoningii 8 32.2 20.6 17.8 31.4 27.3 21.7
G. virens 20 30.3 26.1 24.0 29.7 29.6 27.4
T. harzianum 2 31.4 22.3 20.1 32.6 31.1 25.1
T. harzianum 11 24 .1 21.0 19.4 26 . 0 24 . 0 20.8
T. piluliferum 19 31.2 26.1 25.1 33 .3 31.6 25.1
a Modified Weindling's agar. 
b Corn meal agar. 
c Isolate number.
d The numbers represent the means of colony diameter (mm) of the 



















Table 5. Effect of medium type and pH on inhibition index (Iln) 





pH=7 pH=9 pH=7 pH=9
T. hamatum lc 100.0d 100.0 100.0 81.4 82.3 49.3
T. hamatum 3 100.0 100.0 100.0 100.0 100.0 100.0
T. viride 5 100.0 100.0 100 .0 100 . 0 100.0 100.0
T. koningii 10 100.0 100.0 100.0 100.0 100.0 100.0
T. pseudokoningii 8 100.0 100.0 100.0 100.0 100 . 0 100.0
G. virena 20 100. 0 100. 0 100. 0 100. 0 100.0 100. 0
T. harzianum 2 100.0 100 . 0 100.0 32.2 43 .5 37.4
T. harzianum 11 92.4 47.6 58.4 0.6 18 . 9 31.4
T. piluliferum 19 24.1 22 .7 18.6 16 . 9 3.2 36.6
P. dimorphum P81 30.8 10.6 -3.2 -1.1 -2.5 -11. 9
a Modified Weindling's agar. b Corn meal agar.
° Isolate number
d The numbers represent means of inhibition index (Iln) of 
P. dimorphum which was grown and measured on the membrane- 
agar plate after antagonist cology was removed with membrane after 24 hours. IIn=100((C - T)/C); C^Pythium colony diameter 
in control, T=Pythium colony diameter in treatment.
to
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the inhibition index of T. harzianum 2 was higher than that 
of T. harzianum 11 (Table 5) . Metabolites produced by P. 
dimorphum stimulated growth of itself on CMA but were 
inhibitory on MWA at all the pH levels (Table 5).
The ability of the 20 antagonists tested to produce 
antibiotics in liquid culture varied and was strongly 
affected by medium type, age of culture, and/or the 
interaction of both. The measurable effect of antibiotics 
produced in liquid culture was also affected by heat 
treatment and the bioassay method. T. hamatum l, T. 
harzianum 2 and G. virens 20 were least affected by the 
tested variables.
Nineteen Trichoderma isolates and one Gliocladium 
isolate produced antibiotics after 13 days in liquid culture 
which were lethal or inhibitory to P. dimorphum using the 
plug bioassay method. The production and/or effect of 
antibiotics produced by each of the antagonists was 
significantly affected by medium type and differed from 
isolate to isolate on a daily basis according to univariate 
and multivariate analysis (Pr > 0.0001) . At day 2 (24 hours 
after inoculation) , none of the culture filtrates of the 
antagonists grown in MW was inhibitory and most of them 
promoted the growth of P. dimorphum (Table 6), whereas some, 
such as T. hamatum 1 and 4 (IIn=43%) , T. viride 5 (IIn=55%) , 
T. koningii 6 and 10 (IIn=45% and 42%), T. pseudokoningii 8

















Table 6. Inhibition of Pythium dimorphum by metabolites produced by Trichoderma. 
and Gliocladium during 13 days of growth in modified Weindling's liquid culture
Inhibition Index (Iln) %•
isolate Day 2 Day 3 Day 4 Day 5 Day 6 Day 8 Day 10 Day 13 Day 13c
T. hamatum lb -14 a 31 abed 51 c 62 ab 37 b 51 e 51 c 30 f 40. 0 a
T. hamatum 3 -25 a 10 de 0 fg -21 h -4 cd 7 j 5 ef -11 i 15.0 be
T. hamatum 4 3 a 43 ab 23 e -16 fgh 13 c 11 ij 7 ef -3 hi 3.0 c
T. hamatum 7 -10 a -2 e 8 f 4 e -3 cd 13 ij 22 d 1 h 14.3 be
T. viride 5 -27 a 11 de 9 f -19 gh -14 d 13 ij 4 ef -5 hi 5.7 c
T. koningii 6 2 a 29 abed 58 be 0 ef 12 c 23 ghi 70 b 25 f 4.3 c
T. koningii 10 -28 a 40 abc 35 d -11 efgh -2 cd 35 fg 3 ef 3 h 11.0 be
T. pseudo/coni ngi i 8 -26 a 40 abc 0 fg -27 h -34 e 16 hij 5 ef -1 hi 15.3 be
G. virens 20 -1 a 56 a 64 b 48 be 47 b 95 ab 71 b 42 e 15.7 be
T. harzianum 2 -25 a 30 abed 90 a 20 d 32 b 27 gh 15 de 13 g 24.0 b
T. harzianum 9 -16 a 9 de 7 f -16 fgh 0 cd 13 ij -1 f -4 hi 17. 7 be
T. harzianum 11 -5 a 8 de -8 g 64 ab 74 a 80 cd 73 b 71 cd 8.0 be
T. harzianum 12 -15 a -8 e 8 f -3 efg 42 b 45 ef 55 c 43 e 7.7 be
T. harzianum 16 -8 a -2 e 3 fg 60 ab 71 a 77 cd 74 b 79 ab 13 . 3 be
T. harzianum 16 -7 a 6 de -1 fg 62 ab 77 a 100 a 100 a 83 a 3.0 c
T. piluliferum 13 -1 a 9 de 0 fg 68 a 74 a 80 cd 79 b 76 abc 8.0 be
T. piluliferum 14 1 a 15 bede -1 fg 66 a 85 a 83 be 84 b 72 bed 7.7 be
r. piluliferum 15 4 a 13 cde -3 fg 65 a 71 a 87 be 75 b 79 ab 17.7 be
T. piluliferum 17 -11 a 6 de 9 f 66 a 70 a 81 cd 70 b 67 cd 5.3 c
T. piluliferum 19 -14 a -6 e 29 de 42 c 66 a 69 d 70 b 63 d 5.0 c
• Iin=aoo((C - T)/C); C=Pythium colony diameter in control, T^Pythium colony diameter in treatment. Bioassay was conducted by the plug method. Means followed by the same letter in a column are not significantly different at 0.05 level by 
Duncan's grouping. b Isolate number.c Culture liquid was autoclaved before bioassay.
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(Iin=58%) and T. harzianum 9 (IIn=67%) , had higher Ilns on CM 
liquid medium (Table 7).
Two groups of Trichoderma species could be distinguished 
by the production of antibiotics in the liquid media (Table 
8). The antagonists in group 1 had lower maximum Ilns when 
cultured in Weindling's liquid medium than when cultured in 
CM liquid medium during 13 days of incubation while group 2 
was the opposite. All T. piluliferum and T. harzianum 
isolates except for T. harzianum 9 belonged to group 2 and 
all T. hamatum, T. koningii, and the rest of the Trichoderma 
and Gliocladium isolates were in group 1. Trichoderma 
isolates 1 to 10 yielded relatively lower Ilns when cultured 
in MW liquid medium but had higher Ilns when cultured in CM 
liquid medium (Table 6 and 7) . In MW liquid culture, the 
Ilns of T. hamatum 1 and 4, T. harzianum 2, T. koningii 6 and 
10 and T. pseudokoningii 8 reached high levels, 62% on day 6, 
43% on day 3, 90% on day 4, 70% on day 10, 40% on day 3, and 
40% on day 3, respectively (Table 6) . Trichoderma species 11 
to 19 had consistently high levels of Iln after day 6 in MW 
(Table 6) but had little or no inhibitory effect on the 
growth of P. dimorphum after day 5 in CM (Table 7) . G. 
virens had consistent Ilns in both media although a lower Iln 
was observed when grown in MW than in CM (Table 6 and 7) . In 
general, after day 5 or 6 in both media, the Iln of most 
liquid cultures began to gradually decrease. Some isolates, 
such as T. koningii 6 and 10, T. piluliferum 14 and 15 grown

















Table 7. Inibition of Pythium dimorphum by metabolites produced by Trichoderma and Gliocladium during 13 days of growth in corn meal broth
Isolate
Inhibition Index (Iln) %»
Day- 2 Day 3 Day 4 Day 5 Day 6 Day 8 Day 10 Day 13
T. hamatum lb 43 c 72 bed 73 C 82 b 58 cd 27 de 20 e 9 efgh
T. hamatum 3 17 de 12 fgh 20 fg 8 e 14 f 8 f 6 f 2 fgh
T. hamatum 4 43 c 67 cd 79 be 79 b 75 be 67 b 44 d 43 be
T. hamatum 7 19 d 25 ef 35 e 28 d 43 de 23 e 26 e 19 de
T. viride 5 55 be 95 ab 100 a 52 c 77 b 35 cd 57 c 30 cd
T. koningii 6 45 c 81 abc 87 b 79 b 100 a 34 cd 30 e 39 c
T. koningii 10 42 c 68 cd 80 be 100 a 100 a 35 cd 23 e 10 ef
T. pseudokoningii 8 58 be 100 a 100 a 100 a 100 a 65 b 50 cd 43 be
G. virens 2 0 100 a 100 a 100 a 100 a 100 a 100 a 100 a 74 a
T. harzianum 2 -3 ef 46 de 57 d 23 d 67 be 36 cd 26 e 11 efg
T. harzianum 9 67 b 100 a 100 a 100 a 100 a 67 b 85 b 56 b
T. harzianum ll -7 f -11 h 5 h 1 e 26 ef 6 f 5 f -4 gh
T. harzianum 12 -6 f 6 fgh 22 f -2 e 12 f 3 f 1 f 0 fgh
T. harzianum 16 -2 ef 21 efg 4 h 1 e 14 f 7 f 7 f -5 gh
T. harzianum 18 6 def -4 gh 11 fgh 4 e 12 f 2 f 8 f -3 fgh
T. piluliferum 13 -6 f 22 efg 15 fgh 2 e 25 f 2 f 8 f 0 fgh
T. piluliferum 14 7 def 12 fgh 9 gh 3 e 13 f 3 f -3 f -3 fgh
T. piluliferum 15 -7 f 19 fg 3 h -3 e 12 f 2 f 4 f -6 h
T. piluliferum 17 -4 f 31 ef 10 gh 0 e 11 f 2 f 0 f -5 gh
T. piluliferum 19 -1 def 29 ef 11 fgh 0 e 10 f 1 f 2 f 0 fgh
* IIn«100{ (C - T)/C) f C=Pythium colony diameter in control, T=Pythium colony diameter in treatment. Bioassay was conducted





Table 8. Effect of different media on the inhibition 
indices3 (Iln) of antibiotics produced by Trichoderma and 
Gliocladium in liquid culture
Group3 1 Group 2
Isolate MW= CM4 Isolate MW CM
T. hamatum 1= 62/5£ 82/5 T. harzianum 18 100/8 11/4
T. hamatum 4 43/3 79/5 T. harzianum 2 90/4 67/6
T. hamatum 1 22/10 43/6 T. harzianum 11 80/8 26/6
T. hamatum 3 10/3 20/4 T. harzianum 16 79/13 21/3
T. koningii 6 70/10 100/6 T. harzianum 12 55/10 22/4
T. koningii 10 40/2 100/5 T. piluliferum 15 87/8 19/3
T. viride 5 13/8 100/4 T. piluliferum 14 85/6 12/3
T. pseudokoningii 8 40/2 100/3 T. piluliferum 17 81/8 31/3
T. harzianum 9 13/8 100/3 T. piluliferum 13 80/8 22/3
G. virens 20 95/8 100/2 T. piluliferum 19 69/8 29/3
» Inhibition index (%)=100((C - T)/C); C=Pythium colony diameter in 
control, T=Pythium colony diameter in treatment.
3 Group 1 had higher Iln in CM and group 2 had higher Iln in MW. 
e MW: Modified Weindling's medium;
4 CM: Corn meal broth. 
c Isolate number.
£ The first number is the maximum inhibition index, the second number is 
the day of incubation on which the maximum occurred.
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in MW and most Trichoderma isolates cultured in CM, had two 
peaks of Iln, one occurring earlier and another later during 
the 13-day period of cultivation (Tables 6 and 7) , suggesting 
possible changes of antibiotic type and/or amount in liquid 
culture. The plug method was more sensitive than the disk 
method by which a whole 12 mm disk of P. dimorphum agar 
culture was used directly to cover the well (data not shown) . 
When filtrates of 13-day-old liquid culture were autoclaved, 
the Ilns of Trichoderma isolate 1 to 10 increased 
significantly except for T. koningii 6; Trichoderma isolates 
11 to 19 and G. virens had much lower Ilns (Table 6).
To a certain degree, all Trichoderma isolates and G. 
virens produced inhibitory volatiles when cultured in CMA or 
wheat bran. The production and effect of volatiles on the 
growth of P. dimorphum were influenced by the medium type but 
not by temperature in general, except for T. harzianum 11 
(Tables 9 and 10) . The P. dimorphum hypha that were exposed 
to volatiles produced by Trichoderma on CMA were generally 
shrunken, condensed, and dead (Fig. 5) . Oxygen concentration 
in the petri dish system containing wheat bran culture did 
not have a consistent impact on the inhibition of Pythium 
species, according to the analysis of variance.
Less inhibition was observed when measurements were made 
in Mason jars than when they were tested in the petri dish 
system. The difference might be due to a space effect; there 
was simply more open volume in the mason jars. In the petri

















Table 9. Inhibition of Pythium dimorphum by volatiles produced when antagonists and 
pathogens were cultured in wheat bran medium and the corresponding oxygen concentration in 
the petri dish system
Isolate
Inhibition index (%)• Oxygen concentration (%)b
P. dimorphum 81 P. dimorphum 155 before incubation after inoubation
T. hamatum 7C 79.3d c 69.9 C 18.2 cd 16.1 ab
T. viride 5 89.7 b 83.6 b 17.1 d 12.3 ab
T. koningii 10 63.0 d 54.4 d 20.3 a 13.3 ab
T. pseudokoningii 8 75.9 c 93.1 ab 18.5 c 6.2 be
G. virens 20 100.0 a 100.0 a 20.2 a 11.9 ab
T. harzianum 2 100.0 a 100.0 a 19.9 ab 16.2 ab
T. harzianum 9 97 .4 a 92.3 ab 18 .9 be 14.8 ab
P. dimorphum 81 43.2 e 39.7 e 18.5 c 1.1 c
Wheat bran 20.9 a 20.9 a
Air 20 .8 a 20.8 a
a Inhibition index (%)=100((C - T)/C); C=Pythium colony diameter in control, T=Pythium colony diameter in 
treatment.
b Oxygen concentration in the petri dish system was measured by withdrawing 15 mis. of gas from the air 
space between the wheat bran culture and the top corn meal agar plate and injecting it into a dissolved 
oxygen probe. 
c Isolate number.




Table 10. Inhibition of Pythium dimorphum (P81) by 
volatiles produced by Trichoderma and Gliocladium 
isolates cultured on corn meal agar (CMA) at 24°C or in 
wheat bran (WB) at two different temperature
Isolate
Inhibition index (%)»
CMAb 24°C WBC 24°c WB 12°C
T. hamatum la 22.3 cdef 79.7 b 68.3 be
r. hamatum 3 25.3 cd 77.0 be 85.3 ab
T. hamatum 4 24.3 cde 69.0 c 72.3 abc
T. hamatum 7 46.3 b 92.3 a 100.0 a
T. viride 5 29.7 c 100.0 a 100.0 a
T. koningii 6 19.3 def 100.0 a 100.0 a
T. koningii 10 10.7 ghi 55.3 d 68.3 be
T. pseudokoningii 8 19.3 def 100.0 a 100.0 a
G. virens 20 17.3 efg 100.0 a 100.0 a
T. harzianum 2 65.3 a 100.0 a 100.0 a
T. harzianum 9 27.3 c 100.0 a 100.0 a
T. harzianum 11 15.3 fgh 69.0 c 100.0 a
T. harzianum 12 7.7 hi 100.0 a 100.0 a
T. harzianum 16 11.3 ghi 100.0 a 100.0 a
T. harzianum 18 10.3 ghi 100.0 a 100.0 a
T. piluliferum 13 6.0 i 100.0 a 100.0 a
T. pilulifeirum 14 7.7 hi 100.0 a 100.0 a
T. piluliferum 15 6.0 i 100.0 a 100.0 a
T. piluliferum 17 6.7 i 100.0 a 100.0 a
T. piluliferum 19 7.7 hi 69.0 c 70.7 abc
a Inhibition index (%)=100((C - T)/C); C=Pythium colony diameter in control, T=Pythium ncolony ndiameter nin treatment. Means followed by the same letters in a column are not significantly different at 0.05 level by Duncan's grouping. b Antagonists were cultured on com meal agar and the growth of
P. dimorphum P81 was tested on com meal agar which was suspended over the antagonist culture. c Antagonists were cultured in wheat bran and the growth of P.
dimorphum P81 was tested on com meal agar which was suspended overthe antagonist culture. d Isolate number.
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Fig. 5. A. Normal hyphae of Pythium dimorphum. B. 
Non-viable hyphae of Pythium dimorphum in corn meal 
agar that were exposed to volatiles of Trichoderma 
hamatum 1 cultured in wheat bran (400X).
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dish testing system, there were no differences in effect on 
the 2 isolates of P. dimorphum. It was interesting that 
volatiles were also produced by P. dimorphum when grown in 
wheat bran which were self inhibitory (Table 9).
Oxygen concentration in the space between the two plates 
in the petri dish testing system was nearly normal prior to 
incubation (21%), but decreased significantly 2 days after 
incubation for some antagonist isolates. Fluctuation of 
oxygen concentration in the petri dish testing system did not 
relate directly with the Ilns of the P. dimorphum 
antagonists; low concentration of oxygen did not necessarily 
correlate with the Ilns of volatiles. For example, in wheat 
bran cultures of T. viride 5 and G. virens 20, oxygen 
concentration dropped to 12.3 and 11.9 percent respectively 
but Iln in each treatment was 83.6% and 100%, and the oxygen 
level for P81 when challenged against itself was only 1.1 and 
inhibition indices were 43.2%, suggesting very little 
relationship between Iln and oxygen concentration. Also, the 
agar plates impregnated with volatiles were inhibitory at 
ambient 02 levels (Table 9) . Some volatile other than 
oxygen, therefore, was responsible for the inhibitory effect 
in the system. There were no differences in the Ilns between 
24°C and 12°C on WB (Table 10) . Trichoderma produced 
volatiles when growing on CMA as well, but in general they 
were less inhibitory than those produced in wheat bran (Table 
10) .
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The dilutions (10X) of ethyl acetate extract obtained 
from sterile, volatile impregnated, CMA plate bottoms 
incubated over cultures of T. hamatum 1 and 3, T. harzianum 
11, and G. virens 20, which had demonstrated some inhibitory 
effect on CMA plates in the previous tests, were more toxic 
than those of extracts from CMA control (Fig. 6A) . The Iln 
of the control extract was due to the residual ethyl acetate 
(Fig. 6) . The extract of T. piluliferum plates did not 
significantly inhibit Pythium, indicating the absence of 
extractable volatile antibiotics in our study (Fig. 6A) . 
When diluted to 100X, the extract of G. virens 20 plates 
remain more than 50% inhibitory whereas the other tested 
antagonists did not inhibit the growth of P. dimorphum at 
that dilution (Fig. 6A) . Volatiles were extracted from 
agarose plates which were exposed to wheat bran cultures of 
T. hamatum 1 and 3 and T. harzianum 11 in the same way, and 
were lethal to P. dimorphum at 10X dilution. They remained 
inhibitory to some degree at 100X; volatile extracts from T. 
piluliferum 19 wheat bran culture did not have any effect on 
the growth of P. dimorphum (Fig. 6C) .
Ethyl acetate extracts of 13-day-old liquid CM cultures 
of T. hamatum 1, T. koningii 6, T. pseudokoningii 8, T. 
harzianum 9 and G. virens at 10X inhibited the growth of P. 
dimorphum, but the inhibition indices differed from isolate 
to isolate. For example, T. hamatum 3 and T. piluliferum 19 
did not have an inhibitory effect in comparison with control, 
but extracts of T. koningii 6 and T. pseudokoningii 8 liquid
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B: Extracts from 13-day-old CM liquid cultures
X X
C: Extracts of volatiles trapped in the agarose plates
1 3 6 8 9 11 19 20 21
Fig. 6. Comparison of Pythiurn-inhibition indices of 
metabolites extracted from different media, l and 3: 
Trichoderma hamatum 1 & 3; 6: T. koningii 6 8: T.
pseudokoningii 8; 9 and 11: T. harzianum 9 & 11 ; 19: T. 
piluliferum 19; 20: Gliocladium virens; and 21: wheat bran 
control.
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culture still exhibited some inhibitory effect at 100X 
dilution (Fig. 6B).
Not all Pythium hyphae were coiled or penetrated by 
Trichoderma hyphae; coiling and penetration are two basic 
phenomena of mycoparasitism and occurred in the hyphal 
interactions of these fungi. The coiling and penetration 
rates were not correlated with the viability of Pythium in 
the interaction zone with Trichoderma, suggesting that 
coiling and penetration by Trichoderma did not kill P. 
dimorphum in tests on CMA plates (Table 11) . G. virens 20 
killed P. dimorphum without hyphal contact in 24 hours, but 
T. hamatum 1 killed P. dimorphum only after 48 hours of 
interaction, indicating either a different mechanism of 
action, or higher virulence of G. virens to P. dimorphum 
(Table 11). In the CMA-dialysis membrane test Trichoderma 
isolates 1 through 10 and G. virens were capable of killing 
P. dimorphum, but most of these did not exhibit coiling and 
penetration, except for T. harzianum 1, T. hamatum 3, 4 and 
7 which had relatively low coiling rates (Fig. 7). 
Trichoderma isolates 11 through 19 had relatively high 
coiling rates on target hypha, but did not kill P. dimorphum 
on the CMA-dialysis membrane plates, indicating that coiling 
and penetration of Trichoderma hypha may have some inhibitory 
effect on Pythium species (Fig. 7). Hypha of P. dimorphum
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Table 11. Coiling and penetration of Pythium dimorphum by Trichoderma and Gliocladium 
isolates and the viability of Pythium dimorphum during 3 day's interaction in corn 
meal agar
Isolate
24 hours 48 hours 72 hours
CP» ppb RP' CP PP RP CP PP RP
T. hamatum le 0d c 17 c 100 a 3 c 43 b 0 b 20 c 37 b 0 b
T. harzianum 11 50 b 67 b 100 a 53 a 80 a 100 a 57 a 80 a 100 a
T. piluliferum 19 70 a 73 a 100 a 43 b 83 a 100 a 47 b 83 a 100 a
G. virens 20 0 c 0 d 0 b 0 c 0 c 0 b 0 d 0 c 0 b
a Coiling percentage (CP)=100(number of Pythium hyphae coiled/number of Pythium hyphae 
observed).b Penetration percentage (PP)=100(number of Pythium hyphae penetrated/number of Pythium 
hyphae observed).
c Recovery percentage (RP) =100 (number of Pythium plugs recovered/number of Pythium plugs 
removed from fungal interaction zone in the dual culture). 
d Means followed by the same letters in a column are not significantly different at 0.05 level by Duncan's grouping. e Isolate number.
CT\
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coiled and penetrated by Trichoderma could become empty and 
dead or remain intact apparently without being killed (Fig.
8) .
3. Field trials for evaluation of the effects of Pythium and 
Trichoderma on longleaf pine seedlings during cold storage
Multivariate analysis of variance indicated that 
Trichoderma and Pythium populations were strongly affected by 
the storage time and differed from treatment to treatment. 
Naturally occurring Pythium populations were rather low in 
the roots of longleaf pine seedlings, but increased to 22% 
after cold storage and reduced the seedling survival rates as 
shown in the control. Twenty four hours after inoculation 
with Pythium, recovery rates were quite high except for 
Pythium 146 and the Pythium populations continued to increase 
during the 4 week period of cold storage. Although T. 
harzianum 2, T. piluliferum and T. hamatum 3 suppressed the 
development of the naturally occurring Pythium population, T. 
harzianum 2 did not help to increase seedling survival (Table 
12). Naturally occurring Trichoderma populations were 
initially higher than Pythium in control treatments. Twenty 
four hours after inoculation with Pythium, naturally 
occurring Trichoderma population in pine roots decreased in 
the treatment inoculated with P. dimorphum 150 and 110, 
remained unchanged in the Pythium sp. 28 inoculated 
treatment, and increased in the rest of the treatments. T. 
harzianum 2 and T. piluliferum built up their populations
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Table 12. Trichoderma and Pythium recovery rates from 
inoculated longleaf pine roots before and after cold storage 
and seedling survival after 4 weeks of cold storage in the 
1993 field trial
Before storage After storage
Treatment1 TRRC PRRd TRR PRR SSR« (%)
P. dimorphum 155f 6.7 ef 26.7 de 57.8 b 68.9 d 0.0 c
P. dimorphum 150 46.7 b 28.9 d 8.9 e 100 a 0.0 c
P. dimorphum 81 13.3 def 46.7 dc 60.0 b 95.6 a 0.0 c
Pythium sp. 115 33.3 be 80.0 a 11.1 e 93.3 a 0.0 c
Pythium sp. 29 35.6 be 71.1 ab 86.7 a 100 a 0.0 c
P. dimorphum 87 11.1 def 57.8 be 53.3 b 88.9 abc 0.0 c
P. dimorphum 110 17.8 de 75.6 ab 8.9 e 100 a 1.7 c
Pythium sp. 146 11.1 def 8.9 ef 31.1 cd 97.8 a 0.0 c
Pythium sp. 138 15.6 def 75.5 ab 28.9 cd 91.1 ab 0.0 c
P. dimorphum 76 11.1 def 75.5 ab 15.6 de 77.8 bed 3.4 c
Pythium sp. 28 15.6 def 42.2 cd 15.6 de 88.9 abc 0.0 c
Pythium sp. 102 13.3 def 42.2 cd 33 .3 c 95.6 a 0.0 c
P. dimorphum 1110 6.7 ef 33.3 d 22.2 cde 75.6 cd 0.0 c
Pythium sp. 1173 4.4 ef 40.0 dc 55.5 b 77.8 bed 43.4 b
P. dimorphum 1122 0.0 f 57.8 be 57.8 b 100 a 0.0 c
T. harzianum 2 93.3 a 2.2 f 100 a 4.4 f 51.7 b
T. piluliferum 100 a 2.2 f 100 a 2.2 f 81.7 a
T. hamatum 3 24.4 cd 0.0 f 100 a 8.9 f 80.0 a
T. hamatum 1 24.4 cd 0.0 f 97.8 a 22.2 e 85.0 a
Control9
Non-stored control




a Means followed by the same letter are not significantly different at 0.05 level by Duncan's grouping. b Wheat bran inoculum (400 mis.) of each fungal isolates was delivered to roots in clay slurry. e Trichoderma recovery rate (TRR)=100(Number of Trichoderma coloriy/25 root pieces).d Pythium recovery rate (PRR) =100 (number of P. dimorphum colony/25 root pieces).e Seedling survival rate (SSR)=100(number of living seedlings/20 seedlings used). f Isolate number, s Sterile wheat bran was used.
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Fig. 8. Hyphal coiling and penetration (arrows) of 
Trichoderma piluliferum 15 in Pythium dimorphum hyphae 
which were viable in corn meal agar (400X).
Fig. 9. Seedlings which were inoculated with Pythium sp 
(left)., Trichoderma piluliferum 2 (middle) and sterile 
wheat bran (right), prior to cold storage.
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very rapidly in 24 hours while two T. hamatum isolates needed 
more time to reach their maximal population levels (Table 
12) .
There was no significant difference in survival between 
the cold stored control and the non-stored check (Table 12) , 
so cold storage itself did not contribute to the seedling 
loss. All Pythium isolates except Pythium sp. 1173 caused 
100% or near 100% mortality (SP=0-3.4%) of pine seedlings 
when the treated seedlings were outplanted in the field after 
4 weeks of cold storage (Table 12) . There were no 
differences in survival rates between Trichoderma inoculated 
seedlings and non-inoculated seedlings (SP=71.5-85.0%) , 
except for those inoculated with T. harzianum 2, which had a 
significantly lower survival rate (51.7%). All seedlings 
inoculated with P. dimorphum and some inoculated with other 
Pythium species became soft, spongy and water-soaked (Fig.
9). It was concluded that Pythium species, particularly P. 
dimorphum, isolated from pine seedling roots was a cause of 
seedling loss when stored in the cold.
All Pythium isolates which were pathogenic to young 
seedlings in the petri dish test caused 100% mortality of 
pine seedlings during cold storage (Table 13) , indicating the 
validity of in vitro pathogenicity tests to screen for 
Pythium species pathogens.
In the major field trial in 1994, multivariate analyses 
of variance of data indicated that both Trichoderma and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Pythium populations changed significantly with cold storage 
time and different treatments. Three isolates of T. hamatum 
did not increase, but decreased in population during cold 
storage in all the treatments co-inoculated with different 
isolates of P. dimorphum at different inoculum levels, 
whereas T. viride maintained a high population for 4 weeks 
(Table 13).
The two P. dimorphum isolates developed high population 
levels in all treatments, indicating that 400 ml of Pythium 
inoculum was probably too high to be used to evaluate the 
biocontrol potential of Trichoderma (Table 14 and 15) . When 
P. dimorphum was effectively controlled by the fungicide 
Ridomil, longleaf pine seedlings had a high survival rate, 
additional evidence that P. dimorphum causes death of 
longleaf pine seedlings during cold storage (Tables 14 and 
15) .
Multivariate analysis of Trichoderma and Pythium 
populations in each treatment during cold storage indicated 
that T. viride and P. dimorphum population levels were 
significantly different before and after cold storage and 
changed from week to week.
Naturally occurring Trichoderma population levels 
increased during the first week of storage and subsequently 
declined during storage in all the treatments inoculated with 
P. dimorphum and in the control. T. viride population levels

















Table 13. Weekly recovery rates of Trichoderma. from longleaf pine roots inoculated with 
Trichoderma alone or in combination with Pythium dimorphum during cold storage in the 
1994 field trial
400 ml Pythium plus 100 ml Trichoderma 400 ml Pythium plus 400ml Trichoderma
Treatment8 Time One TWO Three Four Time One Two Three FourZero Week Weeks weeks Weeks Zero Week Weeks Weeks Weeks
Pdl5S+T.hamatum 3b 10.0 cde 0.0 d 0.0 g 0.0 g 3.3 f 20.0 cde 0.0 d 0.0 g 0.0 g 0.0 f
Pdl55+T. hamatum 1 6.7 de 3.3 d 3.3 fg 10.0 fg 0.0 f 20.0 cde 0.0 d 0.0 g 3.3 fg 0. 0 f
Pdl55+T. viride 5 96.7 a 73.3 b 46.7 c 40.0 c 70.0 c 30.0 c 10.0 d 16.7 e 30.0 cd 33.3 d
Pdl55+T.hamatum 7 20.0 cde 3.3 d 0.0 g 6.7 fg 0.0 f 13.3 cde 0.0 d 3.3 fg 0.0 g 0.0 f
Pd81+r. hamatum 3 10.0 cde 3.3 d 0. 0 g 0. 0 g 0.0 f 16.7 cde 0.0 d 3.3 fg 6.7 fg 0 . 0 f
Pd81+T.hamatum 1 20.0 cde 3.3 d 0.0 g 0.0 g 6.6 f 3 .3 de 0.0 d 0.0 g 0.0 g 0.0 f
Pd81+T. viride 5 100 a 50.0 c 86.7 b 93.3 a 86.7 ab 53.3 b 56.7 c 30.0 d 66.7 b 80.0 b
Pd81+T.hamatum 7 3.3 de 0.0 d 0.0 g 0 .0 g 0.0 f 3.3 de 0.0 d 0.0 g 0.0 g 0.0 f
Single isolate (400 ml) non fungicide control Single isolate (400 ml) Ridomil (10 ppm) control
Pdl55 10.0 cde 0.0 d 0.0 g 0.0 g 0.0 f 3.3 de 0.0 d 3.3 fg 13.3 fg 6.7 f
Pd81 6.7 de 0.0 d 0.0 g 0.0 g 0.0 f 16.7 cde 0.0 d 0.0 g 6.7 fg 6.7 f
r. hamatum 3 3.3 de 0.0 d 10.0 efg 0.0 g 0.0 f 13.3 cde 0.0 d 0.0 g 0.0 g 0.0 f
T. hamatum 1 23.3 cd 6 .7 d 20.0 e 23.3 de 3.3 f 10.0 cde 0.0 d 20.0 e 6.6 fg 20.0 e
T. viride 5 93.3 a 90.0 a 100 a 100 a 96.7 a 96.7 a 100 a 100 a 100 a 96.7 a
T.hamatum 7 30.0 c 3.3 d 13.3 ef 3.3 fg 3.3 f 0.0 de 0.0 d 16.7 e 10.0 fg 6.7 f
Wheat bran 6.7 de 0.0 d 0.0 g 16.6 ef 6.7 f
No inoculation 6 .7 de 6.7 d 3.3 fg 0.0 g 0.0 f
» Longleaf roots were dipped in a clay slurry into which a wheat bran/fungus inoculum had been mixed; Pdl55 and Pd81 
arePythium dimorphum 155 and 81, respectively. Means followed by the same letter in a column are not significantly 




















Table 14. Weekly recovery rates of Pythium from pine roots inoculated with Trichoderma alone or in combination with Pythium dimorphum during cold storage in the 1994 field trial




















Pdl55+T.haraatujn 3b 26.7 a 86.7 abc 96.7 ab 93.3 a 96.7 a 3.3 c 70.0 cd 96.7 ab 76.7 be 96.7 a
Pdl55+T.hamatum 1 23.3 ab 86.7 abc 80.0 cde 73.3 c 76.7 b 0.0 c 86.7 abc 90.0 abc 96.7 a 100 a
Pdl55+T.viride 5 13.3 be 86.7 abc 93.3 abc 96.7 a 96.7 a 3.3 c 70.0 cd 83.3bcde 96.7 a 76.6 b
Pdl55+T.hamatum 7 0.0 c 83.3 abc 73.3 de 86.7 ab 86.7 b 0.0 c 90.0 abc 80.0 cde 100 a 86.7 ab
PdBl+T.hamatum 3 0.0 c 70.0 cd 100 a 96.7 a 93.3 a 6.7 c 76.7 be 90.0 abc 96.7 a 96.7 a
Pd81+T.hamatum 1 26.7 a 90.0 abc 93.3 abc 86.7 ab 96.7 a 23.3 ab 86.7 abc 90.0 abc 93.3 a 100 a
Pd81+T.viride 5 3.3 c 76.7 be 100 a 96.7 a 90.0 ab 0.0 c 56.7 d 70.0 e 90.0 a 96.7 a
Pd81+T.hamatum 1 3.3 c 93.3 ab 86.7abcd 86.7 ab 100 a 6.7 c 73.3 bed 86.7abcd 76.7 be 90.0 ab
Single isolate (400 ml) non Cungioide control Singl* ieolat. (400 ml) Ridomil (10 ppm) aontrol
Pdl55 13.3 be 100 a 100 a 96.7 a 96.7 a 0.0 c 0.0 e 10.0 f 0.0 e 3.3 d
PdBl 30.0 a 90.0 abc 86.7abcd 90.0 a 93.3 a 3.3 c 0.0 e 3.3 f 0.0 e 6.7 cd
T.hamatum 3 0.0 c 0.0 e 0.0 f 0.0 e 6.7 cd 0.0 c 0.0 e 0.0 I 0.0 e 0.0 d
T.hamatum 1 0.0 c 0.0 e 0.0 f 0.0 e 0.0 d 0.0 c 0.0 e 0.0 f 0.0 e 0.0 d
T.viride 5 3.3 c 3.3 e 0.0 f 3.3 de 0.0 d 0.0 c 0.0 e 0.0 f 0.0 e 0.0 d
T.hamatum 7 0.0 c 0.0 e 3.3 f 10.0 de 20.0 c 0.0 c 0.0 e 0.0 f 3.3 de 10.0 cd
Wheat bran 0.0 c 0.0 e 0.0 £ 3.3 de 13.3 cd
No inoculation 0.0 c 0.0 e 3.3 f 13.3 d 3.3 d
* Longleaf roots were dipped in a clay slurry into which a wheat bran/fungus inoculum had been mixed; Pdl55 and Fd81 
are Pythium dimorphum 155 and 81, respectively. Means followed by the same letter in a column are not significantly 
different at 0.05 level by Duncan's grouping. 
b Isolate number. ic
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Table 15. Trichoderma and Pythium recovery rates from pine 
roots inoculated with Trichoderma alone or in combination 
with Pythium dimorphum and pine seedling survival rates 
after 4 weeks of storage at 3-5°C
Treatment4
400 ml Pythium plus 
100 ml Trichoderma
400 ml Pythium plus 
400 ml Trichoderma
TRR4 PRR4 SSR4 TRR PRR SSR
Pdl55+T. hamatum 3* 3.3 f 96.7 a 3.3 c 0.0 f 96.7 a 1.7 c
Pdl55+T. hamatum 1 0.0 f 76.7 b 1.7 c 0.0 f 100.0 a 1.7 c
Pdl55+T. viride 5 70.0 c 96.7 a 0.0 c 33.3 d 76.7 b 0.0 c
Pdl55+T. hamatum 7 0.0 f 86.7 b 3.3 c 0.0 f 86.7 ab 1.7 c
PdBl+T. hamatum 3 0.0 f 93.3 a 0.0 e 0.0 f 96.7 a 1.7 c
PdBl+r. hamatum 1 6.6 f 96.7 a 0.0 c 0.0 f 100.0 a 5.0 b
Pd81+T. viride 5 86.7 ab 90.0 ab 0.0 c 80.0 b 96.7 a 0.0 c
Pd81+T. hamatum 7 0.0 f 100.0 a 0.0 c 0.0 f 90.0 ab 1.7 c
Single isolate (400 ml) non Single isolate (400 ml)
fungicide control Ridomil (10 ppm) control
Pdl55 0.0 f 96.7 a 0.0 c 6.7 f 3.3 d 91.7 a
Pd81 0.0 f 93.3 a 0.0 c 6.7 f 6.7 cd 73.3 ab
T. hamatum 3 0.0 f 6.7 cd 98.3 a 0.0 f 0.0 d 95.0 a
T. hamatum 1 3.3 f 0.0 d 98.3 a 20.0 e 0.0 d 91.7 a
T. viride 5 96.7 a 0.0 d 96.7 a 96.7 a 0.0 d 91.7 a
T. hamatum 7 3.3 f 20.0 c 98.3 a 6.7 f 10.0 cd 95.0 a
Wheat bran 6.7 f 13.3 cd 95.0 a
No inoculation 0.0 f 3.3 d 100.0 a
Non-stored control 100.0 a
a Longleaf roots were dipped in a clay slurry into which a wheat 
bran/fungus inoculum had been mixed; Pdl55 and Pd81 are Pythium 
dimorphum 155 and 81, respectively. Means followed by the same letter 
in a column are not significantly different at 0.05 level by Duncan's 
grouping.
b Trichoderma recovery rate (TRR)=100(Number of Trichoderma colony/25 
root pieces).
c Pythium recovery rate (PRR) =100 (number of P. dimorphum colony/25 root 
pieces).
d Seedling survival rate (SSR)=100(number of living seedlings/20 
seedlings used).
e Isolate number.
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remained high in the treatments receiving 50 mis. or 100 mis. 
of Pythium inoculum, although at 200 mis. of Pythium the 
Trichoderma levels were somewhat suppressed (Table 16). No 
naturally occurring Pythium was found in the longleaf pine 
seedlings treated with wheat bran or T. viride. P. dimorphum 
155 was isolated 44.4-79.6% of the time from seedling roots 
after cold storage for 2-3 weeks even though population 
levels at time zero were rather low (0-13%) in all treatments 
inoculated with it. P. dimorphum levels after 3 weeks were 
somewhat reduced by T. viride at the two lower Pythium 
inoculum levels, although the difference was statistically 
significant only at the lowest P. dimorphum inoculation 
levels (Table 18).
Seedling survival reached acceptable levels only when 
Pythium recovery rate approached zero, even when Trichoderma 
could be recovered at high levels. All Pythium inoculum 
caused significant mortality regardless of application rates, 
although there were significant differences between rates 
(Table 19 and Fig. 10) . The seedling survival rates were 
negatively correlated with Pythium inoculation rates. Co­
inoculation of Pythium and Trichoderma resulted in slight 
reductions in the recovery rates of Pythium, and in 
significant increase in the recovery of Trichoderma except 
when 200 mis. of Pythium inoculum was used. Inoculation of 
high levels (400 mis.) of Trichoderma with 50 mis. of Pythium 
inoculum at the same time did not prevent Pythium from 
causing high seedling mortality (75%).
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Table 16. Weekly recovery rates of Trichoderma from 
inoculated longleaf pine roots during cold storage in the 










50 ml P. dimorphum 155 (Pdl55) 7.4 d 22.2 cd 5.6 c 0.0 d
100 ml P. dimorphum 155 5.6 d 9.3 d 5.6 c 0.0 d
200 ml P. dimorphum 155 9.3 d 25.9 c 5.6 c 1.9 d
400 ml T. viride 5>> 92.6 ab 88.9 a 94.4 a 94.4 a
50 ml Pdl55+400 ml 7. viride 5 98.1 a 90.7 a 98.1 a 70.4 b
100 ml Pdl55+400 ml T. viride 5 85.2 b 88.9 a 88.9 a 90.7 a
200 ml Pdl55+400 ml 7. viride 5 74.1 o 57.4 b 57.4 b 35.2 c
Control with wheat bran 5.6 d in00H cd 11.1 c 3.7 d
bran/fungus inoculum had been mixed. Means followed by the same letter in a column are not significantly different at 0.051evel by Duncan's grouping. b Isolate number.
Table 17. Weekly recovery rate of Pythium from 
inoculated longleaf pine roots during cold storage in 







50 ml P. dimorphum 155 (Pdl55) 13.0 a 24.1 c 44.4 c 75.9 a
100 ml P. dimorphum 155 1.9 b 70.4 a 79.6 a 64.8 abc
200 ml P. dimorphum 155 0.0 b 74.1 a 62.9 b 61.1 abc
400 ml 7. viride 5b 0.0 b 0.0 d 0.0 d 0.0 d
50 ml Pdl55+400 ml 7. viride 5 0.0 b 27.8 c 42.6 c 57.4 be
100 ml Pdl55+400 ml 7. viride 5 0.0 b 50.0 be 51.9 be 51.8 C
200 ml Pdl55+400 ml 7. viride 5 1.9 b 64.8 a 63.0 b 74.1 ab
Control with wheat bran 0.0 b 0.0 d 0.0 d 0.0 d
bran/fungus inoculum had been mixed. Means followed by the same letter in a column are not significantly different at 0.05level by Duncan's grouping. b Isolate number.
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Table 18. Trichoderma and Pythium recovery rates from 
inoculated longleaf pine roots and pine seedling 
survival rates after 4 weeks of storage at 3-5°C in the 
1994 supplementary field trial
Storage time
Treatment* TRRb PRR<= SSRd(%)
50 ml P. dimorphum 155 (Pdl55) 0.0 d 75.9 a 38.5 b
100 ml P. dimorphum 155 0.0 d 64.8 abc 12.0 d
200 ml P. dimorphum 155 1.9 d 61.1 be 2.0 d
400 ml T. viride 5e 94.4 a 0.0 d 93.5 a
50 ml Pdl55+400 ml T. viride 5 70.4 b 57.4 be 25.0 c
100 ml Pdl55+400 ml T. viride 5 90.4 a 51.8 c 5.0 d
200 ml Pdl55+400 ml T. viride 5 35.2 c 74.1 ab 2.0 d
Control with wheat bran 3.7 d 0.0 d 95.0 a
Non-stored control 96.5 a
a Longleaf roots were dipped in a clay slurry into which a wheat bran/fungus inoculum had been mixed; Means followed by the same letter in a column are not significantly different at 0.05 level by Duncan's grouping. b Trichoderma recovery rate (TRR)=100(Number of Trichoderma colony/25 root pieces).c Pythium recovery rate (PRR)=100(number of P. dimorphum colony/25 root pieces).d Seedling survival rate (SSR)=100(number of living seedlings/20 seedlings used). e Isolate number.

















Table 19. Weekly recovery rates of Trichoderma and Gliocladium from inoculated longleaf 
pine roots during 4 weeks of cold storage in the 1995 field trial
Clay slurry + wheat bran Inoculum Spinkled wheat bran inoculum
Time One Two Three Four Time One Two Three Four
zero week weeks weeks weeks zero week weeks weeks weeks
T. hamatum lb 24.4 d 46.7 c 64.4 b 48.9 be 77.8 cd 31.1 cd 55.6 c 55.6 d 40.0 e 77.8 d
T. hamatum 3 46.7 c 62.2 b 40.0 c 62.2 b 71.1 de 37.8 be 48.9 c 44.4 e 17.8 f 15.6 f
T. hamatum 4 35.6 cd 48.9 c 73.3 b 53.3 be 84.4 be 48.9 b 88.9 ab 75.6 be 68.9 d 82.2 cd
T. hamatum 1 42.2 c 51.1 c 44.4 c 46.7 be 51.5 f 37.8 be 91.1 ab 55.6 d 62.2 d 86.7 bed
T. viride 5 93.3 a 97.0 a 100 a 100 a 97.7 a 93.3 a 100 a 100 a 100 a 100 a
T. koningii 6 64.4 b 91.1 a 68.9 b 08. 9 a 77.8 cd 48.9 b 82.2 b 66.7 cd 88.9 abc 57.7 e
T. pseudokoningii 8 100 a 100 a 100 a 100 a 97.8 a 100 a 100 a 100 a 100 a 100 a
G. virens 20 91.1 a 100 a 75.6 b 91.1 a 93.3 ab 95.6 a 93.3 ab 73.3 bed 93.3 ab 97.8 ab
T. harzianum 2 46.7 c 95.6 a 93.3 a 97.8 a 97.8 a 26.7 cd 60.0 c 88.9 ab 80.0 c 97.8 ab
T. harzianum 9 68.8 a 97.7 a 97.0 a 86.7 a 100 a 100 a 100 a 100 a 97.8 a 100 a
T. harzianum 11 100 a 100 a 100 a 97.8 a 100 a 100 a 97.8 a 100 a 100 a 100 a
T. harzianum 12 84.4 a 100 a 93.3 a 97.8 a 100 a 100 a 97.8 a 77.8 be 97.8 a 100 a
T. piluliferum 15 95.6 a 97.8 a 100 a 100 a 100 a 100 a 97.8 a 97.8 a 100 a 100 a
T. piluliferum 19 97.8 a 100 a 97.0 a 91.1 a 100 a 95.6 a 97.8 a 82.2 abc 100 a 97. 8 ab
T.haml+T.harll+G-20 95.6 a 100 a 100 a 100 a 100 a 100 a 100 a 100 a 100 a 100 a
T.ham+G-20 46.7 c 95.5 a 77.8 b 97.8 a 91.1 ab 86.7 a 93.3 ab 80.0 abc 86.7 be 91.1 abc
T.hann-T.harll 97.8 a 100 a 100 a 100 a 100 a 97.8 a 97.8 a 97.8 a 100 a 97.8 ab
Pythium control 20.0 d 28.9 d 6.7 e 15.6 d 6.7 g 6.7 e 6.7 d 0.0 f 22.2 f 2.2 g
Method control 24.4 d 17.8 e 20.0 d 44.4 c 64.4 e 17.8 de 11.1 d 0.0 f 4.4 g 2.2 g
« Longleaf pine seedlings were either dipped or sprinkled with antagonist inocula (400 ml) and dipped with P. dimorphum 
81 inoculum (25 ml) one week after the treated seedlings were stored. Means followed by the same letter in a column are 
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B. Pythium dimorphum inoculum plus 400 mis. of Trichoderma viride
Fig. 10. Relationships among Pythium inoculum levels, fungal 
recovery rates 3 weeks after cold storage and seedling 
survival rates 6 months after outplanting in the 1994 
supplementary field trial
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Trichoderma and P. dimorphum 81 recovery rates were 
significantly affected by storage time, Trichoderma isolate 
and inoculation method, based on multivariate analysis of 
variance in the 1995 field trial, when Trichoderma was 
inoculated 1 week before Pythium. Trichoderma populations, 
in general, were influenced significantly by the different 
inoculation methods only within the first 2 weeks of cold 
storage, whereas Pythium recovery rates were affected only 
during the first week, based on the weekly analysis of 
population levels (Table 19).
Trichoderma inoculation resulted in high recovery rates 
even within 24 hours of inoculation (time 0) and increased 
during 4 weeks of storage (Table 20) . T. viride 5, T. 
pseudokoningii 8, T. harzianum 9, 11 and 12, T. piluliferum 
15 and 19, and G. virens 20 had the highest population levels 
in roots after 4 weeks cold storage. Naturally occurring 
Trichoderma populations increased when the wheat bran 
inoculum (method control) was mixed in clay slurry, but 
decreased in another method control in which wheat bran 
inoculum was sprinkled on seedling roots (Table 19).
The P. dimorphum population was suppressed during cold 
storage in all treatments when compared to the control 
treated with P. dimorphum (Table 20) . The P. dimorphum 
recovery rates were generally lower when Trichoderma was 
inoculated by sprinkling than in those when Trichoderma 
inoculum was mixed in clay slurry (Table 20) . Naturally 
occurring Trichoderma populations were suppressed after 4 
weeks in cold storage in the treatments which were inoculated 
with P. dimorphum in clay slurry (Table 20).

















Table 20. Weekly recovery rates of Pythium from inoculated longleaf pine roots during 4 
weeks of cold storage in the 1995 field trial
Clay slurry + wheat bran inoculum Sprinkled wheat bran inoculum
Time One Two Three Four Time One Two Three Four
aero week weeks weeks weeks zero week weeks Weeks weeks
T. hamatum lb 2.2 b 6.7 ab GO VO abc 4.4 c oo G 0.0 b 0.0 b 0.0 b 2.2 b 0.0 c
T. hamatum 3 0.0 b 2.2 ab 2.2 be 0.0 c 0.0 a 0.0 b 0.0 b 0.0 b 6.7 b 6.7 be
T. hamatum 4 8.9 ab 2.2 ab 4.4 abc 4.4 c 6.7 de 4.4 ab 4.4 b 0.0 b 2.2 b 0.0 c
T. hamatum 7 2.2 b 6.7 ab 4.4 abc 26.7 b 33.3 b 8.9 a 2.2 b 0.0 b 4.4 b 1 1 . 1 be
T. viride 5 8.9 ab 2.2 ab 6.7 abc 2.2 c 33.3 b 2.2 ab 0.0 b 0.0 b 6.7 b 2.2 c
T. koningii 6 2.2 b 2.2 ab 4.4 abc 2.2 c 8.9 de 4.4 ab 0.0 b 0.0 b 2.2 b 1 1 . 1 be
T. pseudokoningii 8 2.2 b 0.0 b 6.6 abc 4.4 c 8.9 de 6.7 ab 0.0 b 2.2 ab 4.4 b 4.4 be
G. virens 20 2.2 b 0.0 b 4.4 abc 22.2 b 15.5 cd 0.0 b 0.0 b 2.2 ab 0.0 b 0.0 c
T. harzianum 2 4.4 ab 2.2 ab 0.0 c 2.2 c 8.9 de 4.4 ab 0.0 b 0.0 b 0.0 b 4.4 be
r. harzianum 9 8.9 ab 0.0 b 6.7 abc 0.0 c 6.7 de 2.2 ab 0.0 b 0.0 b 0.0 b 6.6 be
T. harzianum 1 1 0.0 b 0.0 b 0.0 c 0.0 c 6.7 de 4.4 ab 0.0 b 0.0 b 2.2 b 2.2 c
T. harzianum 12 B. 9 ab 2.2 ab 0.0 c 2.2 c 1 1 . 1 cde 0.0 b 0.0 b 2.2 ab 0.0 b 6.6 be
T. piluliferum 15 15.5 a 0.0 b 4.4 abc 2.2 c 22.2 be 6.7 ab 4.4 b 6.7 ab 1 1 . 1 b 1 1  . 1 be
T. piluliferum 19 6.7 ab 8.9 a 4.4 abc 6.7 c 2.2 e 0.0 b 0.0 b 6.7 ab 0.0 b 8.8 be
r./jaml+T.harll+G-20 0.0 b 6.7 ab 0.0 c 4.4 c 22.2 be 0.0 b 0.0 b 4.4 ab 0.0 b 6.7 be
TsJ‘iam+G-20 8.9 ab 0.0 b 4.4 abc 2.2 c 28.8 b 0.0 b 0.0 b 2.2 ab 0.0 b 2.2 c
T.ham+T./iarll 2.2 b 0.0 b 4.4 abc 0.0 c 15.5 cd 2.2 ab 0.0 b 0.0 b 0.0 b 15.5 b
Pythium control 6.7 ab 4.4 ab 1 1 . 1 ab 66.7 a 73.3 a 0.0 b 0.0 b 8.9 a 46.7 a 88.9 a
Method control 4.4 ab 0.0 b 13.3 a 4.4 c 15.6 cd 4.4 ab 1 1 . 1 a 8.9 a 1 1 . 1 b 8.9 be
* Longleaf pine seedlings were either dipped or sprinkled with antagonist inocula (400 ml) and dipped with P. dimorphum 
81 inoculum (25 ml) one week after the treated seedlings were stored. Means followed by the same letter in a column 





The survival rates (SR) of longleaf pine seedlings 
inoculated with Trichoderma in clay slurry was significantly 
higher than those in which Trichoderma inoculum was sprinkled 
on. The mean SP of seedlings treated with all the different 
Trichoderma isolates was significantly higher than that in 
the control. All Trichodeimaa isolates except T. piluliferum 
19 increased seedling survival when treated with clay slurry 
inoculum more than when treated with sprinkled wheat bran 
inoculum, although Pythium levels were slightly higher in 
clay slurry treatments while Trichodejcma levels were not 
different with the inoculation techniques (Table 21). The 
seedling survival seemed not to be correlated with final 
Trichoderma population levels at 4 weeks after cold storage; 
seedling survival rates were significantly lower in most 
treatments inoculated with sprinkled Trichoderma inoculum 
except those for T. hamatum 3 and 7, and T. koningii 6, while 
the Trichoderma recovery rates were the same for both 
inoculation methods. In comparing the Trichoderma species 
used, seedling survival did not show much difference among 
the treatments inoculated with different Trichoderma species 
(Table 21) .
Regression analysis of the relationship between longleaf 
pine seedling mortality and Pythium or Trichoderma population 
levels in seedlings after 4 weeks of storage in the cold

















Table 21. Trichoderma and Pythium recovery rates from the inoculated longleaf pine roots 
and pine seedling survival rates after 4 week storage at 3-5°C in the 1995 field trial
Treatment* Clay iBlurry + wheat bran inoculum Sprinkled wheat bran inoculumTRR*> PRRC SSRd TRR PRR SSR
T. hamatum 1® 77 . 8 cd 0.0 e 88.5 abc 77 . 8 d 0.0 c 66.5 bedefg
T. hamatum 3 71.1 de 0 . 0 e 91.5 ab 15.6 f 6.7 be 43.3 gh
T. hamatum 4 84 .4 be 6.7 de 88.5 abc 82.2 cd 0.0 c 81.5 abc
T. hamatum 7 51.1 f 33.3 b 71. 5 d 86.7 bed 11.1 be 45.0 f gh
T. viride 5 97.8 a 33 . 3 b 93 . 0 ab 100 . 0 a 2.2 c 60 . 0 cdefg
T. koningii 6 77.8 cd 8.9 de 91.5 ab 57 . 7 e 11.1 be 61. 5 cdefg
T. pseudokoningii 8 97.8 a 8.9 de 91.5 ab 100.0 a 4.4 be 76.5 abed
G. virens 20 93.3 ab 15.5 cd 96.5 a 97.8 ab 0.0 c 71.5 bede
T. harzianum 2 97.8 a 8.9 de 98.5 a 97.8 ab 4.4 be 51.5 efg
T. harzianum 9 100.0 a 6.7 de 88.5 abc 100.0 a 6.7 be 70.0 bede
T. harzianum 11 100.0 a 6.7 de 83 . 5 be 100.0 a 2.2 c 75.0 abede
T. harzianum 12 100.0 a 11.1 cde 91.5 ab 100.0 a 6.7 be 88.5 ab
T. piluliferum 15 100 . 0 a 22.2 be 91.5 ab 100 . 0 a 11.1 be 78 . 0 abc
T. piluliferum 19 100.0 a 2.2 e 76.5 cd 97.8 ab 8.8 be 88.5 ab
T.haml+T.harll+G-20 100.0 a 22.2 be 83 . 5 be 100 . 0 a 6.7 be 63 .5 bedefg
T.ham+G-20 91.1 ab 28.8 b 90.0 ab 91.1 abc 2.2 c 53.5 defg
T.ham+T.harll 100.0 a 15.5 cd 90.0 ab 97 . 8 ab 15.5 b 68.5 bedef
Pythium control 6.7 g 73.3 a 28.0 e 2.2 g 88.9 a 28 . 0 h
Method control 64 .4 a 15.6 cd 98 . 0 a 2.2 g 8.9 be 96 . 5 a
a Longleaf pine seedlings were either dipped or sprinkled with antagonist inocula (400 ml) and dipped with P. dimorphum 81 inoculum (25 ml) one week after the treated seedlings were stored. Means followed by the same letter in a column are not significantly different at 0.05 level by Duncan's grouping.b Trichoderma recovery rate (TRR)=100(Number of Trichoderma colony/25 root pieces). c Pythium recovery rate (PRR)=100(number of P. dimorphum colony/25 root pieces). d Seedling survival rate (SSR)=100(number of living seedlings/20 seedlings used). e Isolate number. ^
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indicates that Pythium, rather than Trichoderma, is strongly 
correlated with seedling mortality (Table 22 and Fig. 11).
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Table 22. Regression analysis of the relationship between 
longleaf pine seedling mortality and Pythium and Trichoderma 
recovery rates after cold storage
Source












Root MSE Dep Mean C.V.
3.021709.6686331.25265
R-square Adj R-sq 0.86470.8605
Parameter Standard T for HO:Variable DF Estimate Error Parameter=0 Prob > |T|
INTERCEP 1 1.547883 0.72137993 2.146 0.0344
Pythium 1 0.188393 0.00924443 20.379 0.0001
Trichoderma 1 0.009849 0.00884744 1.113 0.2684















20 40 60 80
Pythium recovery r a te s f0-
100 120
Fig. 11. Regression of Pythium recovery rates after cold 
storage and longleaf pine seedling mortality after 
outplanting
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Discussion
Current forest nursery practices in Louisiana include 
dipping pine roots in Kaolin clay slurry, placing the 
seedlings in Kraft paper bags prior to cold storage, and 
storing the bags in the cooler at about 3°C for 4-6 weeks 
(Barnett and Kais, 1987; Jones, et al., 1992). This 
comprises an essentially closed but dynamic ecosystem. The 
elements of the system include dormant seedlings, root 
associated microflora, temperature, packing media, and any 
added elements such as fungicides. In this system, longleaf 
pine seedlings are relatively susceptible to stresses due to 
their essentially dormant physiological condition while some 
of the microflora, especially certain fungi, tend to develop 
rapidly. Pathogenic fungi that prefer cold and wet 
environments may develop high populations and rapidly attack 
vulnerable seedlings. A large number of root fungi such as 
Pythium, Trichoderma, and Pestalotia have been isolated from 
cold stored longleaf pine seedling roots and some of these 
may be adapted for growth in the system (Jones, et al., 
1992). Pythium spp. were considered to be potential 
pathogens and Trichoderma spp. to be potential biocontrol 
agents in this system (Jones, et al., 1992).
A system can best be changed by adding or removing some 
element. The cold storage system, then, can be changed 
either by adding Trichoderma isolates or removing Pythium 
spp. through the use of selective fungicides. Another means
88
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of altering the system might be through changing the spatial
relationship among the physical entities of the system. For
example the position of Trichoderma spp. in the system may
have as significant an implication as their simple presence.
This research explores some of these possibilities.
1. Screening and identification of Pythium and Trichoderma 
isolates
Pythium isolates from roots of longleaf pine seedlings 
from a previous survey (Jones, et al., 1992) could be grouped 
by their cultural characteristics on CMA and V8 agar 
(Appendix A), suggesting a physiological differentiation 
among isolates in in vivo tests for pathogenicity. Isolates 
in group 3, which produced large thick-walled chlamydospores 
and spiny oogonia, were identified as Pythium dimorphum. 
Isolates in group 4 were similar to those in group 3 except 
they did not produce oogonia on CMA and V8 media, and
probably can be assigned to P. dimorphum. P. dimorphum was 
the dominant species (>50% of total Pythium population) in 
longleaf pine seedling roots during cold storage. P. 
dimorphum, along with Pythium species such as P. irregulare 
Buisman, P. debaryanum Hesse, P. sylvaticum Campbell et
Hendrix, P. spinosum Sawada et Sawada, P. helicoides
Drechsler, P. splendens Braun have been reported to be 
pathogenic to several coniferous species (Campbell and
Hendrix, 1967a, b) . Once Pythium species were controlled 
through the application of Benomyl or Ridomil before cold 
storage, pine seedling survival was greater than 90% (Jones,
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et al., 1992; Brissette, et al., 1996), suggesting that 
Pythium spp. were the cause of seedling mortality during cold 
storage. The in vitro test with newly-germinated slash pine 
seedlings designed to determine pathogenicity of Pythium 
isolates was confirmed to be reliable and practical as 
measured by seedling mortality at out-planting. This is the 
first report of a reliable in vitro pathogenicity test of 
Pythium species on pine seedlings.
Pythium species differed in their ability to cause the 
death of seedlings in this test, ranging from non-pathogenic 
to extremely virulent; but all 12 P. dimorphum isolates that 
tested virulent in vitro also caused high seedling mortality 
in the 1993 field trial. Pythium sp. 1173, randomly selected 
from the collection without being screened for pathogenicity, 
developed high population levels during cold storage, but 
caused low mortality in the field trial. This indicates that 
species of low virulence exist in the pine seedling root 
community. P. dimorphum 81 and 155 caused high mortality in 
the field trials even when their inoculum levels were 
relatively low. The results indicate that the in vitro test 
system was useful in determining pathogenicity of Pythium 
spp. This is especially important because of the variability 
in pathogenicity and virulence in the Pythium population.
It has been suggested that Trichoderma species are able 
to survive in many ecological niches because they are 
abundant, capable of utilizing many organic substrates, and
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resistant to abiotic or biotic inhibitors in various soils 
(Papavizas, 1985) . This ability is the theoretical basis for 
the use of Trichoderma in biological control research. 
Trichoderma spp. were frequently isolated from roots of 
longleaf pine seedlings before cold storage (approximately 
58% of the isolation rate) but its populations decreased to 
a low level (approximately 18% of the isolation rate) after 
seedlings were stored in the cold for 3-6 weeks (Jones, et 
al., 1992). Cold temperature may have been unfavorable for 
Trichoderma to develop high populations. Trichoderma and 
Pythium populations were negatively correlated and seedling 
survival was greater when Trichoderma populations were high 
(Jones, et al., 1992) . This suggests that Trichoderma might 
function to suppress Pythium populations during cold storage. 
An in vitro screening system was used in this study to select 
cold-tolerant and Pythium-inhibitory Trichoderma isolates for 
further field experiments. Most isolates that grew well at 
4-12°C (Data not shown) and used in the 1993-1995 field 
trials, were able to develop high populations. However, in 
the 1994 preliminary field experiment, T. hamatum 1, 3, and 
7 did not develop high populations during cold storage, but 
nevertheless performed very well in the 1995 field trial.
All the tested Trichoderma isolates were able to reduce 
seedling mortality only when they were applied a week before 
Pythium was inoculated, even though they differed in the 
percent of Pythium isolates they killed in dual culture. The
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in vitro screening technique which has been used for decades 
to select Trichoderma spp. for biocontrol has not proven 
particularly useful in our system.
2. Mechanisms of biocontrol of P. dimorphum by Trichoderma 
in vitro and in vivo
Successful Trichoderma antagonists must depend on one or 
more mechanisms which can function well under certain 
environmental conditions. Competition, mycoparasitism, 
antibiosis and enzymatic lysis have been proposed to be 
involved in biocontrol by Trichoderma (Adams, 1990; Cook and 
Baker, 1983; Papavizas, 1985; Chet, 1987). Understanding the 
mechanisms of antagonism and the conditions under which they 
function has been deemed crucial for developing a successful 
biocontrol program. However, the extent to which in vivo 
functioning relates to in vitro functioning is difficult to 
determine and may vary with the system. We have tried, in 
this study, to address this issue by the investigation of 
antibiosis and mycoparasitism in vitro and comparing them to 
field results.
As demonstrated in our study and extensively reported in 
other cases (Cook and Baker, 1983; Papavizas, 1985; Chet, 
1987) , most Trichoderma spp. are able to produce antibiotics 
in many different media and many of these have been purified 
and identified (Ghisalberti and Sivasithamparam, 1991; 
Ghisalberti, et al., 1992; Parker, et al., 1995). The 
production and effectiveness of the antibiotics are 
significantly affected by nutrition, substrate pH and other
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environmental factors. In our work, a randomly selected G. 
virens is the only isolate that consistently produced 
antibiotic metabolites under all tested conditions. Volatile 
antibiotics were produced by Trichoderma spp. in solid media 
and wheat bran and these killed or inhibited P. dimorphum. 
Preliminary GC/MS analyses (Appendix C) indicate that a 
number of different volatile compounds were produced, and 
their specific identities and roles in vivo would be a 
productive area for further research.
Many species of Trichoderma, including T. hamatum, T. 
harzianum, T. koningii, T. pseudokoningii and T. viride, are 
capable of parasitizing many soilborne fungi by coiling 
around or penetrating of host hyphae (Papavizas, 1985; Chet, 
1987). Coiling and penetration have been considered to be 
non-random because T. hamatum produced appressoria-like 
structures which grew towards, coiled around, and penetrated 
Pythium hyphae (Chet, 1981) , but did not coil around sterile 
nylon threads (Dennis and Webster, 1971c) . Ours is the first 
report that Trichoderma isolates which coil and/or penetrate 
do not kill whole Pythium colonies unless they also produce 
antibiotics. A high coiling or penetration percentage by T. 
harzianum 11 and T. piluliferum 19 did not reduce the 
viability of P. dimorphum after 3 days of hyphal interaction. 
Because coiling and penetration occur in only a small number 
of host hyphae, and Trichoderma may have killed them, non­
parasitized host hyphae remained viable. We also observed
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that Trichoderma hyphae randomly grew in all directions in 
the agar medium. Therefore, while mycoparasitism may play a 
role in inhibiting Pythium growth, the whole P. dimorphum 
colony was not killed in dual culture tests. Antibiosis and 
mycoparasitism aren't necessarily associated, because our 
results indicated that non-parasitic, antibiotic producing 
isolates kill P. dimorphum, while parasitic isolates only 
inhibit growth, except for those Trichoderma isolates which 
have both mechanisms. Laing and Deacon (1991) demonstrated 
that T. harzianum inhibited host hyphae of Pythium, R. 
solani, Botritis and Fusarium by production of diffusible 
compounds but did not penetrate them. They were able to 
observe cytoplasmic disorganization (mostly vacuolation) by 
video microscopical comparison. In another study, 
plasmolysis of hyphal tip cells of the Pythium sp. occurred 
before contact with Trichoderma sp. mycelium in dual culture 
and stress signs were obvious in hyphae of Pythium ultimum 
before mycoparasitism was observed (Lifshitz, et at., 1986). 
All this information, coupled with our observations of hyphal 
interactions between Pythium and Trichoderma spp., indicates 
that antibiosis can be independent of mycoparasitism and that 
antibiosis, rather than mycoparasitism, plays a major role in 
the killing and/or inhibition of P. dimorphum in vitro by 
Trichoderma species.
In the field evaluations, a small amount of P. dimorphum 
inoculum (25 mis. in a gallon clay slurry) caused 96-98%
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mortality during cold storage. When Trichoderma and P. 
dimorphum inocula were applied to roots at the same time 
before cold storage, seedling survival was improved slightly. 
If Trichoderma inoculum was applied 1 week before P. 
dimorphum, seedling mortality was greatly reduced. 
Trichoderma spp. were unable to compete with P. dimorphum in 
the roots when both fungi were put into the system at the 
same time. Trichoderma isolates could suppress the Pythium 
population when they were inoculated before Pythium spp.. 
Competitive strategies other than antibiosis or 
mycoparasitism seem to be the major operative mechanism of 
biocontrol in our system. Antibiosis and mycoparasitism may 
play a role in biocontrol to some degree and they may be the 
major mechanisms in other systems. No practical in vitro 
evaluation is available so far to screen for competitive 
colonization ability by Trichoderma isolates, but the initial 
screening for cold-tolerant Trichoderma isolates may have 
facilitated selection of some isolates with strong 
competitive colonization ability under those conditions.
Our results in vivo indicate that effective biocontrol 
can be obtained even with Trichoderma spp. that produce few 
or no antibiotics and have no apparent mycoparasitic ability. 
We conclude that time and method of application is, 
therefore, critical to obtain a successful biological 
control. In practical terms, it is necessary to apply the 
Trichoderma inoculum at the proper time and place, and in the
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proper formulation. In our system, the proper time was 
before Pythium populations built up in the roots because 
biocontrol in our system is protective, not therapeutic. We 
found it necessary to place the Trichoderma directly on the 
root systems by mixing wheat bran/Trichoderma inoculum in a 
clay slurry and dipping the roots in it. Only in this way 
were we able to effect control. The implication of this is 
that each system will need to be studied to develop the 
methodology for effective biocontrol. Antibiosis and 
mycoparasitism are probably important in the ecological sense 
for Trichoderma spp., and may enhance the ability of 
Trichoderma to grow and survive in the soil or rhizosphere, 
but survival of inoculated seedlings did not correlate with 
variation in antibiotic production or mycoparasitism in our 
study. Coiling, penetration and other physical contact of 
hyphae plus enzymatic lysis may function to help Trichoderma 
hold an occupied niche. It is not clear whether or how 
antibiosis and/or mycoparasitism play a role in biocontrol of 
P. dimorphum by Trichoderma in roots. Further research could 
focus on exploring the relationships of these fungi and their 
interaction in the root.
3. Application and evaluation of selected biocontrol 
candidates and Pythium spp.
In our closed system, the control of seedling mortality 
has been accomplished by removing Pythium through the use of 
Ridomil, and by adding Trichoderma to the system without
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removing the Pythium (Jones, et al., 1992; Brissette, et al., 
1996).
It was not feasible to rely on the natural occurrence of 
virulent Pythium spp. because previous research indicated 
that it is not always present and fungicides have recently 
been used in the nursery to eliminate Pythiaceous fungi in 
the beds (Barnett, personal communication) . Therefore, P. 
dimorphum was artificially inoculated in all the appropriate 
experiments. Pythium populations in pine roots increased 
greatly 24 hours after inoculation in most treatments when 
Pythium was inoculated alone or with Trichoderma at the same 
time, indicating that pathogenic P. dimorphum is capable of 
infecting roots very rapidly under conducive conditions.
High mortality of longleaf pine seedlings has been 
reported to be associated with high Pythium and low 
Trichoderma population levels (Jones, et al., 1992). 
Regression analysis, based on the population levels in all 
the studies presented here, indicate that a high Pythium 
population is more strongly correlated with seedling 
mortality than is Trichoderma, and that a high Trichoderma 
population indicates a high seedling survival rate only when 
the Pythium population is very low, unless the Trichoderma is 
applied in a very specific way. Natural Trichoderma 
populations usually decline during cold storage (Jones, et 
al., 1992), but the isolates selected for growth at low 
temperatures did increase their populations in the roots
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during cold storage. The quick establishment of a high 
Trichoderma population was necessary and critical in 
controlling seedling loss through biological means. In 
summary, biological control was effected if, and only if, 
Trichoderma was applied as described, regardless of any 
ability or lack of ability to kill or inhibit Pythium in 
vitro.
We intended, in the first field trial, to use selected 
Trichoderma species to control naturally-occurring Pythium 
species which had been isolated in high numbers and were 
implicated in seedling death during cold storage in previous 
studies (Jones, et al., 1992). Unfortunately, the natural 
Pythium population levels were frequently so low that it was 
impossible to evaluate biocontrol efficacy of Trichoderma 
under those conditions. The alternative option was to use 
selected Pythium species as inoculum. In the subsequent 
field trials, all the selected Trichoderma species, including 
T. hamatum 1, 3, 7 and T. viride, failed to maintain their 
populations to suppress P. dimorphum populations during cold 
storage. They also failed to improve survival of longleaf 
pine seedlings when P. dimorphum was inoculated at 400 mis. 
inoculum level with 400 mis. of Trichoderma inoculum. T. 
viride applied at 400 mis. inoculum level simultaneously with 
200, 100, or 50 mis. of P. dimorphum inoculum level also
failed to prevent death of pine seedling during cold storage 
in the 1994 supplementary field trial. T. viride, which was
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chosen because of its consistently high isolation rates from 
seedling roots in the first cold storage study, reduced the 
P. dimorphum population slightly after 3 weeks of cold 
storage, but the seedling survival rate did not increase 
(Table 16 and 17) . There are at least four possible 
explanations for this: 1) a rapid population build-up of 
Pythium 24 hours (zero week) after inoculation, long before 
Trichoderma could establish its population and function as an 
antagonist, 2) the cold conditions were so favorable to 
pathogenic Pythium that once the initial infections occurred, 
it spread rapidly throughout the root system, 3) the inoculum 
levels of Pythium were simply too high, and 4) those selected 
Trichoderma species were not able to control the pathogen in 
any case. Lifshitz, et al. (1986) observed that germination 
of conidia of Trichoderma species required more than 10-14 
hours of incubation at 26°C, whereas sporangia of the Pythium 
species germinated within 90 minutes and colonized seed coats 
within 10 hours. He pointed Out that time restraints 
explained why Trichoderma did not work in biocontrol of pre- 
emergence damping-off of pea induced by Pythium sp. In our 
case, Trichoderma spp. required much more time than Pythium 
spp. to increase their populations in the roots because the 
low temperature was relatively less favorable to Trichoderma 
spp. Our observation of the early build-up of large 
populations in most Pythium-inoculated treatments in the 1993 
and 1994 field trials confirmed the statement made by
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Lifshitz, et al. in 1986 that "the saprophytic activity of 
Pythium spp. in soil generally is restricted to early 
colonization of substrate in advance of other 
microorganisms." The results indicated that P. dimorphum 
infested pine roots before Trichoderma could build up its 
population and function as an antagonist to protect pine 
roots. Yuen, et al. (1994) claimed the reduction of turf 
blight caused by R. solani in field by application of G. 
virens 1 month before and at the same time when pathogen was 
inoculated, suggesting that G. virens needs some incubation 
time to effectively control the pathogen. To verify the 
biocontrol potential of selected Trichoderma species, lower 
inoculum levels of P. dimorphum and pre-inoculation with 
Trichoderma were used in the 1995 field trial. We found that 
the delivery system and timing of delivery were generally 
more important than the specific Trichoderma in increasing 
survival of longleaf pine seedlings during cold storage. The 
results of the 1994 and 1995 field trials conclusively 
indicate that only through pre-inoculation could Trichoderma 
impose control of P. dimorphum during cold storage of 
longleaf pine seedlings.
Since the early presence of Trichoderma on seedling 
roots is so important to accomplishing biocontrol in our 
system, it would be worth experimenting with the application 
of Trichoderma inoculum to nursery beds prior to lifting, or 
even as a seed coating at the time of nursery establishment.
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The benefits to such an approach would include possible 
control of other soilborne diseases in the nursery. A 
problem inherent to this approach would be the sensitivity of 
Trichoderma spp. to fungicides, perhaps necessitating the 
reduction or elimination altogether of fungicides.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Conclusions
The ultimate goal of this research was to develop a 
feasible biocontrol system to minimize longleaf pine seedling 
loss caused by pythiaceous fungi during cold storage. 
Intermediate objectives included: 1) the determination of
pathogenic Pythium species and selection of potential 
Trichoderma spp. through in vitro means for application in a 
biological control system; 2) the determination of mechanisms 
of inhibition of Pythium spp. by Trichoderma and Gliocladium 
in vitro; and 3) the development and assessment of a feasible 
field system for testing and application of Trichoderma as a 
biocontrol agent.
Pythiaceous fungi were confirmed to be the major cause of 
seedling mortality during cold storage in vitro and in vivo. 
P. dimorphum was the dominant pathogenic Pythium species in 
the population of pythiaceous fungi associated with roots of 
longleaf pine seedling during cold storage. A petri dish 
system using newly-germinated seedlings of slash pine was 
efficient and practical for testing Pythium species 
pathogenicity. Two hundred and eighty of 1,000 Trichoderma 
isolates grew well on CMA at 12 °C and were not inhibited by 
P. dimorphum in a dual culture screening system. Twenty-one 
Trichoderma isolates killed 14 Pythium isolates and nine of 
them killed an additional 105 Pythium isolates from roots of 
longleaf pine seedlings, sugar cane, and rice. The rest of 
the Trichoderma isolates tested killed some Pythium isolates
102
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and reduced to some extent the growth of the remainder. The 
number of Pythium isolates that Trichoderma spp. killed 
differed from isolate to isolate.
Selected Trichoderma isolates and G. virens produced 
antibiotics on solid media and in liquid cultures. The 
production of these antifungal metabolites on solid medium was 
affected by medium type and pH, but T. hamatum 3, T. viride 5, 
T. koningii 10, T. pseudokoningii 8 and G. virens were stable 
in production of antibiotics which killed P. dimorphum. The 
production and/or effect of antibiotics produced by each of 
the antagonists in liquid culture was significantly affected 
by medium type and differed from isolate to isolate on a daily 
basis, except for G. virens. To a certain degree, all 
Trichoderma isolates and G. virens also produced inhibitory 
volatiles when cultured in CMA or wheat bran. The production 
and effect of volatiles on the growth of P. dimorphum were 
influenced by the medium type but not by temperature. Oxygen 
concentration in the petri dish culture system containing 
wheat bran did not have a consistent impact on the inhibition 
of Pythium species. The inhibitory effects of ethyl acetate 
extracts of metabolites in CMA, CM and Agarose confirmed the 
production of the volatile and non-volatile antibiotics; 
therefore antibiosis was the major mechanism involved in 
killing or inhibiting P. dimorphum in vitro.
Trichoderma isolates were capable of coiling or 
penetrating the hypha of P. dimorphum in CMA, but not all
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Pythium hypha were coiled or penetrated. The coiling and 
penetration rates were not correlated with the viability rate 
of P. dimorphum in the interaction zone of both fungi. 
Trichoderma isolates which had killing ability did not show 
coiling or penetration while those which had coiling or 
penetrating ability could inhibit, but not kill, the target 
fungi. Thus, parasitism was an additional mechanism for 
Trichoderma to inhibit the growth of P. dimorphum in vitro.
After being delivered to the root system of longleaf pine 
seedlings, selected Trichoderma spp. and P. dimorphum were 
able to develop their populations rapidly in the roots during 
cold storage. High population levels of Pythium were 
significantly associated with seedling mortality, thus 
confirming that pythiaceous fungi were the cause of seedling 
loss in the storage system. If the initial inoculum level of 
Pythium was high (>50 mis of wheat bran culture) or the 
Trichoderma isolate was co-inoculated with Pythium, the 
seedling mortality did not decrease. Mortality increased even 
if Trichoderma was inoculated at a high rate (400 mis of wheat 
bran culture) and recovered at a high rate. All Trichoderma 
isolates, some lacking coiling and penetration and some 
lacking antibiotics, achieved an acceptable biocontrol 
efficacy when they were inoculated 1 week before P. dimorphum, 
indicating that competition rather than antibiosis or 
parasitism played the most important role in the biological 
control.
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The individual elements of a system will behave 
differently when removed from that system than they do while 
remaining in that system. In ecology, the range of behavior 
exhibited by an organism (element) in isolation from the 
system has been labeled the "fundamental niche"; the range of 
behavior exhibited by an organism while in the system has been 
labeled the "realized niche" (McNaughton, 1981). The 
differences between the two are such that the parameters of 
the fundamental niche, isolated behavior, are very difficult 
to use for predicting the realized niche, or community 
behavior. In our system, the only in vitro parameters which 
actually worked well were the pathogenicity tests of Pythium 
spp. on slash pine seeds germinated in petri dishes. It is 
probable that antibiosis and mycoparasitism are important for 
the ecological success of Trichoderma spp., but the 
determination of these mechanisms in vitro does not provide 
the information needed to predict biocontrol usefulness. 
Behavior in vivo is the sum total of the interactions among 
all the system elements. Behavior in vitro is the total of 
the interactions of only a very few elements and very seldom 
can be used to extrapolate to in vivo conditions.
We were able to manipulate our system successfully by 
either removing Pythium, or by adding Trichoderma spp. When 
adding Trichoderma spp., however, it was necessary to 
introduce the inoculum in a specific manner, or it would not 
effect biocontrol. It is quite possible that a properly
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placed Trichoderma inoculum would work even against the 
relatively high Pythium inoculum used in the early experiments 
reported here. This possibility would be worth investigating 
because it might be possible to differentiate among 
Trichoderma spp. isolates with respect to biocontrol efficacy. 
Such differentiation might, then, be reflective of differences 
in the antibiotic or mycoparasitic characteristics of the 
various isolates.
We also conclude that most biological activities of 
Trichoderma against Pythium must have occurred inside the 
roots, and that both fungi compete against each other there. 
Therefore, cytoiogical studies on how and where both fungi 
colonize, reside, survive and develop in the roots would help 
to understand the interactive relationship between Trichoderma 
and Pythium in roots of longleaf pine seedlings.
The bagged-longleaf-pine-seedling-system we worked with 
has proven to be a relatively simple but informative ecosystem 
for the purpose of studying ecological interactions among some 
of the fungal populations, particularly with respect to 
biocontrol. We believe this system presents a good model 
system for further fundamental ecological research. It is a 
closed system, rather easily manipulated; the elements in the 
system can be fairly rigorously controlled and, although it is 
an artificial system, it is an agriculturally useful system. 
It seems to present a useful compromise between a totally 
natural ecosystem and a totally artificial system, providing
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providing much of the complexity of the first and much of the 
control of the second.
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Appendix A
The Pythium isolates used in this study fell into four 
general groups based on morphological characteristics.
Group 1: The colonies of these isolates are coarsely 
radiated, with no chiamydospores; no oogonia produced on CMA 
or V8 media. The Pythium isolates with these characteristics 
are:
P1184; P1145; P1188; P1082; P1213; P1166; P1211;
P1101.
Group 2: The colonies of these isolates show a flower 
pattern characteristic of some Pythium on agar media; no
chlamydospores and no oogonia are produced on CMA or V8 media. 
The isolates with these characteristics are:
P1115; P1224; P1125; P1107; P1206; P1109; P1195;
P1143; P1142; P1106; P1136; P1103; P1123.
Group 3: The colonies of these isolates are coarsely 
radiated; large chlamydospores and spiny oogonia are produced 
on CMA or V8 media. Pythium isolates with these 
characteristics are:
P1303; P1075; P1092; P1263; P1060; P1135; P1248;
P1293; P1279; P1095; P1267; P1091; P1176; P1315;
P76; P110; P81; P87; P1304; P1216; P155; P150.
Group 4: The colonies of these isolates are coarsely 
radiated, large chlamydospores are produced on CMA or V8 media 
but no oogonia. Pythium isolates with these characteristics 
are:
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P1085; P1063; P1243; P1282; P1130; P1090; P1207
P1247; P1162; P1253; P1319; P1291; P1285; P1138
P1077; P1318; P1121; Pllll; P1324; P1272; P1208
P1278; P1219; P1203; P1093; P1069; P1230; P1273
P1209; P1097; P1250; P1276; P1098; P1309; P1134
P1297; P1217; P1081; P1031; P1088; P1294; P1277
P1266; P1222; P1261; P1281; P1268.
The isolates which fall into groups 3 and 4 are pr
the same species, P. dimorphum.
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Appendix B
Transformation to Benlate or Hygromycin-B Resistance of 
Selected Trichoderma Isolates
Introduction: Some Trichoderma isolates have been proven 
to be inhibitory against more than 100 Pythium isolated from 
longleaf pine roots, and inoculation with some of these 
Trichoderma isolates tended to reduce the population levels of 
Pythium in cold stored pine seedlings. The population 
development of Trichoderma isolates which have been used to 
inoculate cold stored seedlings is difficult to trace because 
any isolates subsequently re-isolated could be from naturally 
occurring populations of the same species. It would be 
beneficial, therefore, to mark in some way the specific 
isolates used in inoculation experiments.
Antibiotic and fungicide resistance genes can be 
transformed into the genome of selected Trichoderma spp. which 
can then be selectively re-isolated with media containing the 
appropriate fungicide or antibiotic. Benlate resistance (benR) 
genes which encode for forms of B-tubulin that are insensitive 
to the systemic fungicide benomyl or to the related compound 
carbendazim and hygPP genes which encode for the enzyme 
hygromycin-B phosphotransferase which phosphorylates the broad 
spectrum antibiotic hygromycin-B, rendering it inactive, are 
two commonly used genes in transformation of filamentous 
fungi. This experiment was designed to vector these two genes 
into a selected Trichoderma isolate for the further evaluation 
of this potential biocontrol agent.
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Materials and methods: T. hamatum 3 was used for
transformation and 2 DNA vectors containing the henR and hygR 
genes were kindly provided by Dr. R. Schneider.
T. hamatum 3 was grown on five 100 X 15 mm petri dishes 
containing 12 ml malt yeast dextrose agar (MYD; 15 g malt 
extract, 1 g yeast extract, 2 g dextrose, agar 18 g in 1 liter 
distilled water).• Spores and fungal fragments from the 
colonies were collected by putting 10 ml MYD broth into each 
petri dish and gently scraping with a rounded glass rod. The 
resulting suspension of spores and fungal fragments were 
poured into flasks containing 50 ml of MYD broth, placed on a 
rotary shaker set for 100 ppm, and allowed to incubate for 24 
hours. The resulting mycelium, consisting mostly of 
germinating spores, was collected by vacuum filtration onto 
Whatman filter paper and then placed in several 1.5 ml 
centrifuge tubes. The contents of each tube were washed and 
vortexed with TE at pH 7.6 three times. The fungal material 
was re-suspended in 0.1 M lithium acetate at 30°C and 
incubated with shaking for 30 minutes, then pelleted and re- 
suspended in fresh lithium acetate to create a thick slurry. 
Seventy-five pil of vector DNA in 100 fil TE pH 7.6 containing 
4 mM spermidine and 1 mM spermine was added and the mixture 
incubated with shaking for 30 minutes at 30°C. Ten volumes of 
40% polyethylene glycol 8000 (PEG) were added to the mixture 
and incubated for an additional hour at 30°C. The mixture was 
heated for 5 min at 37°C, washed twice in TE, re-pelleted and
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spread on MYD agar plates. Following a 20 hour incubation at 
room temperature, the plates were overlaid with 5 ml of 1 % 
water agar containing 20 fig (4 fig/ml) of carbendazim (MBC) or 
2 mg hygromycin B (400 /xg/ml) for transformant selection. 
Wild-type Trichoderma isolates were inhibited at 
concentrations of 1 /xg/ml MBC and 200 fig/ml hygromycin-B so 
these concentrations were used to maintain transformed 
isolates, but higher concentrations were used in the initial 
screening for transformants. Putative transformants were 
transferred to benlate or hygromycin-B maintenance medium for 
confirmation and further evaluation. Following 3-4 days of 
growth, agar plugs from colony edges of putative transformants 
were transferred back to regular MYD medium plates, allowed to 
grow for 2-3 days, and transferred back again to transformant 
selective medium to confirm the stability of the 
transformants.
The growth characteristics of transformed Trichoderma 
isolates were compared with the parental wild-type to 
ascertain if characters other than benlate or hygromycin 
resistance had been altered by the transformation process. The 
transformed isolates were also checked for their ability to 
inhibit Pythium growth in petri dish culture. A transformant 
of T. hamatum 3 was used in the 1994 field evaluation. The 
inoculum preparation, inoculation method, population 
measurement, and seedling survival investigations were 
conducted as same as described in previous sections.
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Results and discussion: Three colonies of T. hamatum 3 
grew on transformant selective medium after treatment and were 
placed on appropriate maintenance media. Resistance to 
hygromycin-B seemed to be more effective than resistance to 
benlate in that hygromycin-B resistant Trichoderma grew more 
quickly than benlate resistant transformants on their 
appropriate media. The growth rate of hygromycin-B resistant 
Trichoderma on hygromycin media was comparable to the growth 
rate of the parental isolate on MYD agar. The benlate 
resistant transformant grew relatively much more slowly on the 
benlate medium and hygromycin-B resistant transformants were 
also more stable than benlate resistant transformants, so 
hygromycin-B resistant transformants were used for subsequent 
testing (Fig. 12, 13, and 14). In the 1994 field experiment, 
we found the hygromycin transformant of T. hamatum 3 did not 
grow well in wheat bran, and after inoculation could not be 
reisolated. The stock cultures were also non-viable when we 
attempted to revive them about three months later. We assume 
that the transformant was fundamentally weakened in some way 
through the transformation process. This approach, however, 
could be useful for future investigations.












Fig. 12. Growth rates of wild type and hygromycin-B 
transformants of Trichoderma hamatum on selective or non- 
selective media





















Fig. 13. Growth rates of wild type and Benlate resistant 
transformants of Trichoderma hamatum on selective media





Fig. 14. Growth rates of six transformants of Trichoderma 
hamatum on selective media through three cycles of 
transferring from selective medium to non-selective medium
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Appendix C
Initial Studies on Chemical Components of Metabolites 
Produced by Trichodexma Species on Corn Meal Agar
Introduction: Trichoderma, as shown in the in vitro
studies, can produce volatile and non-volatile metabolites on 
solid media (CMA and MWA), liquid cultures (CM and MW), and 
nutrient substrate (Wheat bran) which are lethal or inhibitory 
to P. dimorphum. To understand the correlation between 
metabolites produced in vitro and their biocontrol activity in 
vivo, we performed the preliminary steps for identifying those 
metabolites.
Materials and methods: Trichoderma hamatum 1 and 3, T.
harzianum 11, T. piluliferum 19 and Gliocladium virens were 
inoculated on a sheet of sterile dialysis membrane placed on 
a plate of corn meal agar. The membrane was taken away from 
the plates when fungi grew over the plates. Extraction of 
metabolites remaining in the plates was done as described 
previously. Concentrated extracts in ethyl acetate were by 
gas chromatography and mass spectroscopy (GC/MS). The spectra 
of unknown compounds were compared to the spectra of 
catalogued compounds through a library search.
Results and discussion: In comparison with control, all 
the tested Trichoderma isolates produced different spectra as 
shown in gas chromatograms (Fig. 12) . Metabolites differed 
both between species and among isolates. T. piluliferum 19 
and T. harzianum 11 had the same peak pattern in gas 
chromatography, suggesting that they may be taxonomically
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 3 1
close to each other. T. hamatum 1 and 3 produced different 
metabolites as shown in gas chromatogram. Possible matches 
with known compounds are for each of the peaks in Table 24. 
Satisfactory identification of the metabolites will require 
further purification and analysis of the compounds.
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Fig. 15. Gas chromatograms of metabolites produced by 
Trichoderma isolates and Gliocladium virens on corn meal agar.
1. T. hamatum 1; 2. T. hamatum 3; 3. T. harzianum 11; 4. T. 
piluliferum 19; 5. G. virens; 6. Control. A. The peaks match 
those in control. B. The posseble peaks for antibiotics.
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1 3 3Table 23. The mass-spectrometnc analysis of metabolites 
produced by some Trichoderma isolates and Gliocladium 
virens in corn meal agar and possible matches
Peak R times* (Min) Possible chemicalsb
Trichoderma hamatum 1
Blc 6.708-6.768 Butanoic acid, 2-hydroxy-,methyl ester (38);
B2 7.271-7.382 N-HEXYL FURAN (64)
B3 14.62-14.72 6, 6-Dimethyl-2,3, 4,5,6,7-hexahydro-lH- pyrrolo[2,3-d] pyrimidine-2,4-dione (45)
B4 15.360-15.435 7-THIOXO-l,7-DIHYDRO-1,2,4-TRIAZOLO-[4,3-B]- 1,2,4-TRIAZINE (37)
T. hamatum 3
B1 10.276-10.326 1) Naphthalene, decahydro-1,5-dimethyl-(59);2) CYCLOPENTANE, 1,2-DIMETHYL-3-METHYLENE-, CIS (59)
T. harzianum 11
B1 6.697-6.747 2-Propanol, l-isopropoxy-2-methyl (33)
B2 10.163-10.226 Benzofuran (59)
B3 10.476-10.627 17-Octadecene-9,11-diynoic acid, 8-oxo, methyl ester (47)
B4 10.777-10.953 l-Methylpentacyclo[5.4.0.0(2,6).0(3,10).0(5,9)] undecane-8,11-dione (64)
T. piluliferum 19
B1 6.708-6.758 2-Propanol,1-[l-methyl-2-(2- propenyloxy)ethoxyl- (38)
B2 10.176-10.239 lH-Benzimidazole (39)
B3 10.489-10.539 Sydnone, 3-(2-methylphenyl)- (25)
B4 10.802-10.865 0-NITROSTYRENE (38)
Gliocladium virens
B1 10.102-10.140 Tridecanol (83)
B2 14.510-14.585 6H,8H-Benzo[10,11]chryseno[1,12-cd]pyran-6,8- dione (59)
B3 16.125-16.163 1,2-Benzenedicarboxylic acid, diisooctyl ester (78)
a Retention time.b The chemicals were identified by a library search; the number in parenthesis is a match quality and a value of over 95 would be considered a strong match.c Metabolites produced by antagonist were extracted in ethyl acetate.
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